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ABSTRACT 
 
Shanina Devondia Sanders: Lewis Acid-Catalyzed Cycloaddition Reactions of Donor-
Acceptor Cyclopropanes  
(Under the direction of Jeffrey Scott Johnson) 
 
 
I.  Heterocycle Synthesis from Donor-Acceptor Cyclopropane Cycloadditions 
  
 A literature review featuring methods of heterocycle formation from donor-
acceptor cyclopropanes and various dipolarophiles is presented. Efficient syntheses of 
common heterocycles such as γ-lactones, γ-lactams, pyrroles, pyrrolidines, and 
tetrahydrofurans are reported in a stereoselective manner. The review is focused on 
methods that proceed by Lewis acid activation in one step.  
 
II.  Lewis Acid-Catalyzed Cycloadditions of Aldehydes and Donor-Acceptor  
 
    Cyclopropanes 
  
 The one-step diastereoselective synthesis of cis-2,5-disubstituted tetrahydrofurans 
via Lewis acid-catalyzed [3 + 2] cycloadditions of donor-acceptor (D-A) cyclopropanes 
and aldehydes is described. A detailed examination of the mechanism has been 
performed including stereochemical analysis and electronic profiling of both reactants. 
Experimental evidence supports an unusual stereospecific intimate ion pair mechanism 
wherein the aldehyde functions as a nucleophile and malonate acts as the nucleofuge. The 
mechanism facilitates the stereospecific synthesis of a range of optically active 
tetrahydrofuran derivatives from enantioenriched D-A cyclopropanes. 
 iv
III.  TOTAL SYNTHESIS OF (+)-VIRGATUSIN VIA ALCL3-CATALYZED  
 [3 + 2] CYCLOADDITION 
 Our group has demonstrated the concise synthesis of cis-2,5-disubstituted 
tetrahydrofurans via Lewis acid-catalyzed [3 + 2] cycloadditions of donor-acceptor 
cyclopropanes  and aldehydes. This methodology has been used to target virgatusin, a 
plant derived natural product displaying four contiguous stereocenters. Surprising 
stereochemical results were obtained in the [3 + 2] cycloaddition, but a short 
isomerization study has suggested that it is possible that the cycloaddition proceeds 
through the established nucleophilic substitution pathway. The synthesis is concise and 
details a highly diastereoselective route to (±)-virgatusin and (+)-virgatusin. 
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CHAPTER 1 
 
HETEROCYCLE SYNTHESIS FROM DONOR-ACCEPTOR CYCLOPROPANE 
CYCLOADDITIONS 
 
1.1 Introduction 
 
 Efficient heterocycle synthesis is necessary for entry into a variety of natural 
products and biologically important compounds such as alkaloids, carbohydrates, nucleic 
acids and antibiotics. Heterocyclic compounds are also largely used in industry and 
comprise a host of compounds used in organic synthesis. Due to the ubiquitous nature of 
heterocycles, scientists have provided numerous routes in search of optimal syntheses. 
Cycloadditions are very selective processes, and thus they have been utilized with great 
success in the formation of a variety of heterocycles. 1,3-dipolar cycloadditions are 
among the most common methods for forming 5-membered ring systems.1,2 
Cyclopropanes have been used successfully in 1,3-dipolar cycloadditions in 
heterocycle synthesis.3-5 The strain energy of the cyclopropane ring is quite high at 27.5 
kcal/mol due to Pitzer and Bayer strain and is often used as an explanation for its high 
reactivity.4 The deviation from tetrahedral sp3 hybrid orbitals to bent bonds with more p-
character has also been used to explain why cyclopropanes and olefins have similar 
reactivities. D-A cyclopropanes are substituted with a donor and acceptor group that 
serve to activate the cyclopropanes further. Rambaud synthesized the first donor-acceptor 
(D-A) cyclopropane in 1938 and noted the labile bonds were prone to ring-opening under 
mild conditions.6 This ring cleavage allows for a variety of reactive pathways based on 
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the reaction conditions. Vicinally substituted D-A cyclopropanes serve as 1,3-dipolar 
synthons and can react with nucleophiles, electrophiles, and dipolarophiles (Scheme 1-1). 
 
Scheme 1-1. D-A Cyclopropane Reactivity Patterns 
 
 
 
Cyclopropanes are commonly prepared by additions of carbenes or their 
equivalents to alkenes.4,7 The same is true for D-A cyclopropanes. Electron rich olefins 
often react with acceptor substituted carbenes to form D-A cyclopropanes (Scheme 1-2, 
path I). The alkenes can be easily prepared from carbonyl compounds or other precursors 
and the carbenes from diazoalkanes, which decompose in the presence of metal catalysts, 
such as rhodium or copper, to form the reactive carbene complexes. The complementary 
approach to path I is also possible (Scheme 1-2, path II) but not as common since 
acceptor substituted carbenes are more difficult to access. Finally, methylene addition to 
a vicinally substituted D-A olefin is possible but again not as common due to the low 
reactivity of these types of olefins (Scheme 1-2, path III). The carbene synthetic routes 
are the most popular methods of D-A cyclopropane synthesis. An additional method 
includes intramolecular substitution reactions of properly substituted substrates (Scheme 
1-2, path IV).  
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Scheme 1-2. D-A Cyclopropane Preparation 
  
 
1.2 Synthetic Methods 
 This chapter discusses the synthesis of heterocycles from D-A cyclopropanes via 
formal [3 + 2] cycloadditions. The reaction involves net addition of a 1,3-dipole (from the 
D-A cyclopropane) to a heteroatom-containing π-bond. The cyclopropane must be 
activated to exhibit this type of reactivity. Only vicinally substituted D-A cyclopropanes 
will be discussed. In addition, this chapter will focus on reactions that are catalyzed or 
promoted by Lewis acids and proceed in one step.  
 
1.2.1 Formal [3 + 2] Cycloadditions Requiring Stoichiometric Lewis Acid 
 Saigo has published a series of reports on the synthesis of heterocycles involving 
D-A cyclopropanes. The first report describes the synthesis of γ-lactones by the aldol-
type reaction of ethyl 2,2-dialkoxycyclopropanecarboxylates with aldehydes.8 It was 
proposed that a facile heterolytic bond cleavage would occur in the vicinally substituted 
D-A cyclopropane. A stoichiometric Lewis acid was used as an activator in the reaction. 
A Lewis acid screen revealed that SnBr4 was an efficient promoter of the reaction, even 
at -78 °C.  After quenching, a mixture of the γ-lactone and hydroxyl diester (lactone 
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precursor) was obtained (Scheme 1-3). An ethanolic sodium ethoxide solution was used 
to increase conversion to the lactone. The product was obtained with high cis-selectivity 
for a variety of carboxylates and aldehydes (Table 1-1). It is suggested that the reaction 
proceeds through ring-opened zwitterion 6 that arises from stereoselective opening of 
chelated titanium cyclopropane 5. The E-enolate would react with carbonyl compounds 
through a 6-membered chair-like transition state. In titanium-catalyzed reactions, the 
hydrogen occupies an axial position in the transition state to minimize interactions of the 
R group on the aldehyde with the substituents on titanium (Scheme 1-4).  
 
Scheme 1-3. Diastereoselective Synthesis of γ-Lactones by the Aldol-Type Reaction of 
Ethyl 2,2-Dialkoxycyclopropanecarboxylates with Aldehydes 
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Table 1-1. Scope of γ-Lactones by the Aldol-Type Reaction of D-A Cyclopropanes with 
Aldehydes 
 
Entry Carboxylate R Lewis Acid Yield (%)a cis : transb 
1 R1 = R2 = Me PhCH2CH2 TiBr4 89 85:15 
2 R1 = R2 = Me PhCH2CH2 SnBr4 50 99:1 
3 R1 = R2 = Me Ph TiBr4 91 98:2 
4 R1 = R2 = Me (CH3)2CH TiBr4 87 95:5 
5 R1 = R2 = Me CH3(CH2)6 TiBr4 86 89:11 
6 R1 = Et R2 = H PhCH2CH2 TiBr4 91 82:18 
7 R1 = Et R2 = H Ph TiBr4 93 80:20 
8 R1 = Et R2 = H Ph SnBr4 80 88:12 
9 R1 = Et R2 = H (CH3)CH TiBr4 70 71:29 
aIsolated yield. bDetermined by GLC. 
 
Scheme 1-4. Proposed Transition State for Diastereoselective Synthesis of γ-Lactones  
 
 
After successful completion of this work, the group hypothesized that imines 
could also serve as the unsaturated dipolarophile to give γ-lactams.9 This reaction was 
optimized to obtain the desired products with high cis-selectivity (Table 1-2). The 
reaction proceeded at room temperature and did not require further steps to ensure lactam 
formation. Evidence for cis-diastereoselectivity was gained by 1H NMR spectroscopy. 
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The signals of methyl and methylene protons of the ester group in the major isomers 
appeared at 0.1-0.4 ppm higher field compared to the minor isomers. The proton signal at 
C3 of the major isomer appeared at a lower field than that of the minor isomer by 0.20-
0.45 ppm. These characteristic chemical shifts were attributed to the shielding effect of 
the aromatic group at C4, indicating a cis-relationship between the ester and aryl groups. 
An isomerization experiment was also conducted. In this experiment, the major cis-
isomer 12 was isomerized to 13, the more thermodynamically stable trans-isomer 
(Scheme 1-5).  
 
 
Table 1-2. Highly Diastereoselective Synthesis of cis-3,4-Disubsituted γ-Lactams by the 
Reaction of Ethyl 2,2-Dialkoxycyclopropanecarboxylates with N-Tosyl Aldimines 
 
 
Entry             R Yield (%)a cis:transb 
1 
          
81 98:2 
2 
 
73 98:2 
3 
 
91 98:2 
4 
          
83 95:5 
5 
         
67 96:4 
aIsolated Yield. bDetermined  by HPLC. 
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Scheme 1-5. Basic Equilibration of Cis-12 to Trans-13 
 
 
 Symmetrical ketones were also used as the dipolarophile in this reaction to give 
cis-2,3-disubstituted γ-lactones.10,11 Again, the products were obtained in good yields and 
high cis-selectivity (Table 1-3). The cis isomers could also be isomerized to the trans-
isomers in high yield.  
 
Table 1-3. Diastereoselective Synthesis of γ-Lactones by the Aldol-Type Reaction of 
Ethyl 2,2-Dialkoxycyclopropanecarboxylates with Symmetric Ketones 
 
R1
CO2Et
MeO
MeO O O
O
R1
CO2Et
R R
CO2Et
R1
O
O
R R 1. TiCl4, CH3CN
-45 C
2. cat. p-TsOH R R
15 16 17
 
Entry R1 Ketone Yield (%)a cis:trans 
1 Me 4-heptanone 68 (90) 94:6 (77:23)b 
2 Me cyclohexanone 70 (92) 94:6 (92:8)b 
3 Me cyclopentanone 51 93:7 
4 Me acetone 64 89:11 
5 Et 4-heptanone 81 98:2 
6 Et cyclohexanone 91 99:1 
7 iPr 4-heptanone 50 96:4 
aIsolated yield. bValues in parentheses represent yields and diastereomer ratios of γ-
lactones when TiCl4 was added to a mixture of 15 and ketone in CH2Cl2. 
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More interesting results were obtained when unsymmetrical ketones were used in 
the reaction. In this system, TiBr4 was the best catalyst for a variety of substituents on the 
ketone. The authors noted that the more sterically hindered ketones gave higher cis-
selectivities in the reaction. The high degree of stereoselection for the quaternary carbon 
is a highlight of this work (Table 1-4). The trans-lactones could be epimerized to the cis-
lactones in high yield.  
 
Table 1-4. Diastereoselective Ring Opening Aldol-Type Reaction of 2,2-
Dialkoxycyclopropanecarboxylic Esters with Unsymmetrical Ketones 
 
Me Me
CO2Et
MeO
MeO
O
Me RL
1. Lewis acid
CH2Cl2, -78 C
2. cat. p-TsOH
toluene, 80 C
O O
O CO2Et
RL RL
CO2EtO
Me Me
Me Me Me Me
8 18 19
 
Entry RL LA Time (h) Yield (%)a cis:transb 
1 nC8H17 TiBr4 5 80 74:26 
2 nC8H17 TiCl4 5.5 66 75:25 
3 iBu TiBr4 14 93 91:9 
4 iBu SnBr4 14 0 NA 
5 iBu ZrCl4 21 56 76:24c 
6 iPr TiBr4 14 82 99:1 
7 iPr TiCl4 14 59 98:2 
8 CH=CH2 TiBr4 2.5 70 93:7 
9d CH=CH2 TiBr4 4 82 94:6 
10 CH=CH2 ZrCl4 5.5 68 74:26 
11 CH=CMe2 TiBr4 4.5 35 99:1 
12e,f iPr TiBr4 24 43 63:37 
aIsolated yield. Determined by GC. cDetermined by 1H NMR. dReaction 
performed at -94 °C. Reaction mixture allowed to warm to 0 °C. fMethyl 
group on ketone is an nBu group. 
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 The culmination of this work was highlighted in the synthesis of γ-lactones 
displaying 3 contiguous stereocenters with good selectivities.12 ZrCl4 was chosen as the 
optimal LA to give the highest cis:trans (CT) selectivity. As the alkyl group of the 
aldehyde and/or cyclopropane became larger, the selectivity increased for the 
heterocycles. Lower temperatures also resulted in increased selectivities (Table 1-5).  
 
Table 1-5. Ring-Opening Aldol-Type Reaction of 2,2-Dialkoxycyclopropanecarboxylic 
Esters with Aldehydes in the Synthesis of Trisubstituted γ-Lactones 
 
 
Entry carboxylate R3 Yield (%)a TT/TC/CT/CCb 
1 A c-hex 89 4:4:81:11 
2 B c-hex 90 3:4:81:12 
3 C c-hex 80 7:18:64:11 
4 A nhep 84 14:5:68:13 
5c A nhep 83 3:5:77:15 
6 A iPr 61 3:3:85:9 
7 A tBu 84 3:1:86:10 
8 A Ph 87 7:4:73:16 
9 D PhCH2CH2 83 7:2:77:14 
10 D Ph 92 4:3:74:19 
11 E c-hex 96 5:2:90:3 
aIsolated yields. bDetermined by GC. 
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 The aldol-type reaction is believed to proceed through a 6-membered chair-like 
transition state as mentioned previously (Scheme 1-4). For the substrates in Table 5, the 
observed diastereoselectivity at the 2,3-position is determined by the geometry of the 
chiral center adjacent to the enolate double bond (Scheme 1-6). The cationic substituent 
favors an orientation that minimizes steric bulk as well as electronic repulsion. The 
diastereoselectivity at the 3,4 position is determined by the orientation of the aldehyde as 
in Scheme 1-4. Using ZrCl4 as the Lewis acid, there is less interaction between the 
substituents on the metal and R3 as the bond lengths between the metal and oxygen 
become longer.  In this case, the substituent on the aldehyde occupies an axial position 
opposed to an equatorial position to avoid steric interactions with R1.  
 
Scheme 1-6. Proposed Transition State for Trisubstituted γ-Lactone Formation  
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 Pagenkopf has investigated nitrile dipolarophiles in the [3 + 2] cycloaddition with 
D-A cyclopropanes.7 In an attempt to extend this chemistry to carbohydrate derived 
systems, glycal derived D-A cyclopropanes were employed in this transformation. The 
reaction proceeded with high stereoselectivity, affording dihydropyrroles in high yield as 
one diastereomer (Scheme 1-7). Aromatic, aliphatic, and α,β-unsaturated nitriles all gave 
the expected imine adduct.  
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Scheme 1-7. [3 + 2] Cycloaddition of D-A Cyclopropanes and Nitriles 
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 Pagenkopf was able to extend the [3 + 2] chemistry with nitriles to other D-A 
cyclopropanes as well.13 Under the optimized conditions, synthesis of di-, tri-, and tetra-
substituted pyrroles was achieved by a domino cycloaddition, dehydration, and 
tautomerization strategy (Scheme 1-8). The authors were able to use aliphatic, aromatic, 
and α,β-unsaturated substituents on the nitrile (Table 1-6). Alkyl groups could 
successfully be installed in the C4 and C5 positions without formation of constitutional 
isomers, which plague traditional condensation methods.  
 
Scheme 1-8. Cycloaddition, Dehydration, and Tautomerization Strategy for Pyrrole 
Synthesis 
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Table 1-6. Synthesis of Pyrroles from D-A Cyclopropanes and Nitriles 
Entry Substrate Nitrile Pyrrole Yield (%)a 
1 O
CO2Et
H
H
 
MeCN 
PrCN 
PhCN 
Cl(CH2)3CN  
72 
78 
58 
61 
2 
 
MeCN 
PrCN 
 
31 
25 
3 
 
MeCN 
PrCN 
 
98 
85 
4 
 
MeCN 
PrCN 
 
62 
55 
5 
 
MeCN 
PrCN 
 
72 
75 
aIsolated Yield. 
 
 
1.2.2 Lewis Acid-Catalyzed [3 + 2] Cycloadditions 
 
 Sugita has demonstrated the synthesis of tetrahydrofuro[2,3-b]benzopyranone via 
the ring expansion reaction of methanochromanone with symmetric ketones.14 The 
desired products were obtained in good to high yields with high trans-selectivity. The 
trans-adducts could be converted to the cis-isomers by treatment with Et3N. In the 
proposed mechanism, a zwitterion is formed upon association with the LA. Reaction with 
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the ketone forms intermediate 37 (Scheme 1-9). Attack of the oxonium closes the ring to 
form the observed products.  
 
 
Scheme 1-9. Proposed Mechanism in Lewis Acid-Catalyzed Diastereoselective Ring 
Expansion Reaction of Methanochromanone with  Symmetric Ketones  
 
 
 
Table 1-7. Lewis Acid-Catalyzed Diastereoselective Ring Expansion Reaction of 
Methanochromanone with  Symmetric Ketones 
 
Entry Ketone Temp (°C) Yield (%)a trans : cis 
1 Acetone -78 99 >99:1 
2 3-pentanone -78 to -30 70 >99:1 
3 diphenyl ketone -78 80 >99:1 
4 Cyclopentanone -78 to -50 88 >50:1 
5 Cyclohexanone -78 to rt 88 >99:1 
6 Cycloheptanone -10 67 >50:1 
aIsolated yield. 
 
 This reaction was found to proceed with aldehydes as well.15 In the reaction with 
aldehydes and methanochromanone, the authors were able to control three stereocenters 
in the Lewis acid-mediated ring expansion. Aromatic, aliphatic, and unsaturated 
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aldehydes  formed the trans-fused adducts in good yields and high selectivity (Table 1-
8). 
 
Table 1-8. Diastereoselective Ring Expansion Reaction of Methanochromanone with 
Aldehydes 
 
Entry R Temp (°C) Yield (%)a drb 
1 Ph -78 89 >50:1 
2 p-MeOC6H4 -10 to rt 92 >50:1 
3 MeCH=CH -78 to -15 99 >20:1 
4 PhCH=CH -78 to 0 98 >20:1 
5 Me(CH2)4 0 40 >20:1 
aIsolated yield. bdr is ratio of major isomer to three other 
possible isomers as determined by 1H NMR spectroscopy. 
 
  The trans-2,3 selectivity is believed to arise from a transition state similar to that 
proposed by Saigo for the formation of trisubstituted lactones (Scheme 1-6). The 
coordinated aldehyde and enolate assume a chair-like conformation (Scheme 1-10). The 
diastereoselectivity at the 2- and 3-positions arises from the orientation  of the aldehyde.  
The aldehyde substituent assumes an axial position to avoid unfavorable steric interaction 
with the benzopyran ring ketone or the ester.  In the ring closure, the aldehyde 
approaches from the face opposite the oxocarbenium ion.  The source of the 
diastereoselectivity at the 9 position is not clear.  
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Scheme 1-10. Proposed Transition State for Benzopyranone Synthesis 
 
 
  
 Kerr has exploited the reactivity of D-A cyclopropanes in the formal [3 + 2] 
cycloaddition of nitrones and 1,1-cyclopropane diesters.16 Employing Yb(OTf)3 as the 
optimal catalyst, tetrahydro-1,2-oxazines were formed in good to high yields with a 
variety of nitrones and substituted cyclopropanes. A p-tolyl group on the nitrogen atom 
displayed higher reactivity than a methyl group, resulting in higher yields. The 
unsaturated phenyl, styryl, and vinyl groups were more reactive and resulted in higher 
yields than when a proton was present in the donor position. The only observed 
regioisomer had the oxygen atom of the nitrone distal to the geminal diester. The 
reactions produced only one diastereomer, in which the substituents at the C3 and C6 
bore a cis relationship. The proposed annulation mechanism involves SN2-type attack of 
the nitrone oxygen atom onto the cyclopropane followed by attack of the resulting 
malonate onto the imimium species via a chair-like transition state (Scheme 1-11). In 
subsequent reports, the group was able to form the nitrone in situ and perform the 
cycloaddition in a one-pot manner.17  They also demonstrated that MgI2 was sufficient in 
mediating the reaction.18  
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Scheme 1-11. The Cycloaddition of Nitrones with D-A Cyclopropanes 
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73
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52
R2 R3 Yielda
aIsolated yield.
 
 
 Recently the Kerr group disclosed the asymmetric formation of tetrahydro-1,2-
oxazines.19 This reaction was conducted with nitrones and enantiomerically pure 
cyclopropane-1,1-dicarboxylates. Transfer of optical activity from the cyclopropane to 
the oxazines was controlled by the reaction temperature and the electronic nature of the 
cyclopropane substituent (Table 1-9). In control reactions with the cyclopropane, the 
authors noted racemization of the cyclopropane under the typical nitrone/cyclopropane 
cycloaddition conditions, implicating a Lewis acid-stabilized zwitterionic intermediate.  
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Table 1-9. The Cycloaddition of Nitrones with Homochiral D-A Cyclopropanes  
 
 
    Enantiomeric excess (%)a 
Entry R1, R2 R3 Yield (%)b 22 °C 60 °C  110 °C 
1 R1 = Bn R2 = 4-NO2C6H4 Ph 73 90 80 36 
2 R1 = Bn R2 = Ph Ph 93 84 54 21 
3 R1 = Bn R2 = 4-OMeC6H4  Ph 88 78 36 13 
4 R1 = Ph R2 = 4-NO2C6H4 Ph 85 >95 86 79 
5 R1 = Ph R2 = Ph Ph 95 >95 >95 >95 
6 R1 = Ph R2 = 4-OMeC6H4 Ph 89 >95 94 89 
7 R1 = Bn R2 = Ph Ph 85 >95 >95 >95 
8 R1 = Ph R2 = Ph Ph 76 >95 >95 >95 
aDetermined by HPLC on a chiral phase. bOptimal yields of isolated adducts. 
 
 Sibi disclosed an enantioselective addition of nitrones to activated cyclopropanes 
prior to Kerr’s asymmetric reaction.20 The group utilized a chiral Lewis acid for 
tetrahydro-1,2-oxazine formation. A Ni(ClO4)2 system with a bisoxazoline catalyst was 
found to be optimal. The scope of the reaction with different nitrones gave high yields 
and enantioselectivity, except with nitrones derived from cinnamyl aldehyde and furfural. 
The authors suggested that a mechanism involving extensive or total ring opening to a 
zwitterionic species appears to be operative under the reaction conditions. Thus an SN1 
mechanism was proposed where ring opening of the cyclopropane to a dipolar species 
occurs and is trapped by the nitrone. Only one regioisomer is observed in which the 
nitrone adds to the more substituted carbon. Examples in which an additional substituent 
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is on the D-A cyclopropane show high enantioselectivity but low cis/trans 
diastereoselectivity, suggesting that the capture of the zwitterion occurs in a stepwise 
process where the chiral Lewis acid is only able to control the proximal stereocenter 
(Scheme 1-12). 
 
Scheme 1-12. Enantioselective Addition of Nitrones to Substituted D-A Cyclopropanes 
                                 
OO
EtO OEt
N
O
Ph
Me N
O
EtO2C CO2Et
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Ph
Ni(ClO4)2
30 mol %
ligand
CH2Cl2, 0.1M, rt
4Å MS
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R1
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H
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 Tang and workers have also investigated the synthesis of optically active 
tetrahydro-1,2-oxazines.21 Using trisoxazoline (tox) ligands and Ni(ClO4)2 as the catalyst 
system, the desired products were obtained in high enantioselectivity and 
diastereoselectivity, in contrast to the work of Sibi (Table 1-10). The ester groups on the 
cyclopropane influenced the enantioselectivity of the reaction slightly, as a Me ester 
displayed decreased selectivity. Replacing the phenyl group on the cyclopropane with a 
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vinyl or styryl resulted in decreased diastereoselectivities and enantioselectivities (entries 
10 and 11, Table 1-10).  
 
Table 1-10. Highly Enantioselective and Diastereoselective Cycloaddition of 
Cyclopropanes with Nitrones 
CO2R2
CO2R2
R1
N
MeO
R3
Ni(ClO4)2
-30 °C, DME
3-5 d
N
O
R2O2C CO2R2
R1
R3
Me
H
N
O
N
O
N
O
49 50
51
52
 
Entry R1 R2 R3 Yield (%)b drc ee (%)d 
1 Ph Me Ph 82e 13:1 90 
2f Ph Bn Ph 62e 10:1 97 
3 Ph Et Ph 88e 11:1 95 
4 Ph Et 4-BrC6H4 85e 12:1 97 
5 Ph Et 4-MeO2CC6H4 97 11:1 97 
6 Ph Et 4-MeC6H4 80e 12:1 96 
7 Ph Et 4-MeOC6H4 92e 13:1 90 
8 Ph Et 2-furyl 99 13:1 93 
9 Ph Et Styryl 76e 4:1 92 
10f Vinyl  Et Ph 88e 6:1 80 
11f Styryl Et Ph 84 5:1 80 
12 Ph Et Phg 74 11:1 93 
aReaction conditions: Ni(ClO4)2/ligand = 0.040mmol/0.044mmol, cyclopropane/nitrone = 0.44 
mmol/0.2 mmol. bCombined yield of the two diastereomers based on nitrone. cRatio of isomers 
(cis/trans), determined by 1H NMR spectroscopy. dDetermined by HPLC on chiral phase. eYield of 
the isolated cis isomer. fT= -40 C. gPhCH=N(O)Bn was used. 
 
 An excess of cyclopropane (2.2 equiv) was used in the above reaction. The 
remaining cyclopropane could be recovered with good ee . Thus, the authors explored the 
kinetic resolution of 2-substituted cyclopropane-1,1-dicarboxylates with the tox/Ni(II) 
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catalyst system. They found that a variety of cyclopropanes could be accessed with 
excellent enantioselectivities (91-97%) in the presence of a catalytic amount of 
Ni(ClO4)2⋅6H20. The optically active D-A cyclopropanes reacted with nitrones to give the 
tetrahydro-1,2-oxazines in high yield while maintaining the enantiomeric purity as that of 
the starting material. Thus, both enantiomers of the tetrahydro-1,2-oxazine could be 
prepared from the racemic D-A cyclopropane (Scheme 1-13). The evidence from these 
studies supports the mechanism proposed by Kerr where an initial SN2 type displacement 
of the malonate ion is followed by ring closure on the resultant iminium species. 
 
Scheme 1-13. Synthesis of Both Enantiomers of 55 
 
 
 Kerr and workers have also explored the transformation of aldimines with 1,1-
cyclopropanediesters to give 2,5-substituted pyrollidines.22 The aldimines were generated 
in situ by reaction of the corresponding amines or anilines with aldehydes. Yb(OTf)3 was 
identified in a Lewis acid screen to catalyze the reaction with high yields and few 
byproducts. Both primary alkylamines and primary anilines were well tolerated in the 
reaction (Table 1-11). Aliphatic aldehydes and aldehydes containing strongly electron-
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withdrawing groups did not produce satisfactory results.  Generally, the 
diastereoselectivity was high, favoring the 2,5-cis-pyrrolidines. A model was provided to 
rationalize the diastereoselectivity (Scheme 1-14). The E/Z geometry of imines should 
allow formation of 59 and 61. 61 should have a higher energy since the aldehyde 
substituent occupies an axial orientation and suffers from an unfavorable diaxial 
interaction. 59 would produce the observed 2,5-cis product by a Mannich ring closure 
and 62 would result from a similar ring closure from 61. The authors propose that the 
disposition of the geminal diester should allow for a retro-Mannich process and the trans-
isomer could be converted to the more stable cis-isomer.   
 
 
Table 1-11. Diastereoselective Synthesis of Pyrrolidines via the Yb(OTf)3 Catalyzed 
Three Component Reaction of Aldehydes, Amines, and 1,1-Cyclopropanediesters 
 
 
Entry R1 R2 R3 yield cis:trans 
1 Ph Bn Ph 96 93:7 
2 Ph nBu Ph 82 96:4 
3 4-OMePh Bn Ph 95 >99:1 
4 Ph Ph Ph 63 55:45 
5 Ph 4-OMeBn Ph 78 95:5 
6 Ph Bn Vinyl 84 83:17 
7 4-OMePh Bn Styryl 76 85:15 
8 Furyl Bn Ph 93 55:45 
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Scheme 1-14. Proposed Model for Pyrrolidine Formation 
 
 
  
 Subsequent to Kerr’s work, Tang and workers published a similar reaction in 
which 5 mol% Sc(OTf)3 was used as the Lewis acid.23 The 2,5-cis pyrrolidines were 
obtained in good yields. Kerr’s experimental scope and diastereoselectivities were 
generally better than those reported by Tang. A mechanism was proposed for the 
cycloaddition in which the imine attacks the cyclopropane in an SN2 fashion with 
assistance of the Sc(OTf)3. The iminium-enolate zwitterionic intermediate cyclizes to 
afford the pyrrolidine (Scheme 1-15). 
 
Scheme 1-15. Proposed Mechanism for Pyrrolidine Formation 
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 The cycloaddition of aromatic azomethine imines with cyclopropanediesters to 
form 6,6,6-tricyclic dihydroquinoline derivatives has been achieved.24 Using, Ni(ClO4)2, 
the desired tricycles can be obtained in good yields with modest diastereoselectivity. The 
best results were obtained with an electron-rich aryl substituted cyclopropanes (entry 3, 
Table 1-12). Vinyl cyclopropanes produced the desired product in 31% yield and 2.6:1 
dr.  
 
Table 1-12. Reaction of Azomethine Imines with 1,1-Cyclopropane Diesters 
N
N O
CO2Me
CO2Me
R2
N
N
CO2Me
CO2Me
R2
O
R1 R1
H
Ni(ClO4)2
10 mol%
MS 3Å
THF, 16 h, rt
 
Entry R1 R2 Yield (%) Cis:transa 
1 OMe Ph 54 3.8:1 
2 CF3 Ph 84 4.3:1 
3 H 4-OMePh 87 6.6:1 
4 H 4-NO2Ph 11 5.9:1 
5 H Vinyl 31 2.6:1 
6 H H 32 NA 
  
In an effort to gain insight into the mechanism, the group conducted a labeling 
experiment and a reaction with an enantiopure cyclopropane. In the labeling experiment, 
one of the methyl groups of the cyclopropane diester was deuterated. Upon, reaction with 
the imine, all stereogenic information at the carbon bearing the diester was lost. In 
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contrast, performing the reaction with enatiopure cyclopropane produced the 
corresponding products with total conservation of the stereogenic information. These 
experiments support a mechanism in which the nitrogen of the ylide acts as a nucleophile 
and attacks the cyclopropane with inversion of the C2 stereocenter (Scheme 1-16). The 
intermediate would then proceed to close the ring by attacking either face of the 
quinolinium moiety, resulting in both diastereomers.  
 
 
 
Scheme 1-16. Proposed Mechanism of Azomethine Ylide Addition to D-A 
Cyclopropanes 
 
 
 Meijere has explored the sythesis of pyrazolidine derivatives from D-A 
cyclopropanes and diazenes.25 Reactions of D-A cyclopropanes and diazenes have been 
investigated thermally,26 but activation with a Lewis acid had not been achieved until this 
work. The authors were able to catalyze the cycloaddition in moderate yields with a range 
of D-A cyclopropanes (Scheme 1-17). The diazene derivatives used were naturally 
existing mixtures containing minor amounts of cis-isomers. The products were obtained 
as one regioisomer with bond cleavage occurring at C1-C2 of the D-A cyclopropane.  
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Scheme 1-17. GaCl3 –Catalyzed Formal Cycloaddition of 1,1-Cyclopropane- 
dicarboxylates and Diazenes 
 
 
 
 The group also wanted to probe the effects of using diazenes with fixed cis-
configuration of the double bond. To this end, reaction with 4-phenyl-1,2,4-triazoline-
3,5-dione (PTAD) was attempted. Unexpected results were obtained, from the reaction 
with these configurationally fixed diazenes. A mixture of products was obtained resulting 
from C1-C2 bond cleavage of the cyclopropane and also from C2-C3 bond cleavage with 
the latter being the major product (Scheme 1-18).  
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Scheme 1-18. Reaction of 2-Arylcyclopropanedicarboxylates with PTAD 
 
 In order to probe the observed results, additional studies were conducted. No 
interconversion of products 78 and 79 were seen under the reaction conditions. This is in 
accordance with the products arising from different mechanistic pathways. Reaction of 
the enantiomerically pure phenyl cyclopropane afforded racemic product with acyclic and 
cyclic diazenes. Thus, it was proposed that both reactions proceed through an achiral 
dipolar intermediate.  Since the nucleophilicity of diazenes is lower than than of imines 
and aldehydes, it is possible that these substrates are not able to attack the cyclopropane. 
Instead, GaCl3 causes ring cleavage and the nucleophilic portion of the 1,3-dipole can 
attack the electron-deficient N,N double bond. Subsequent ring closure would yield the 
observed product (Scheme 1-19). In accordance with this hypothesis, addition of GaCl3 
to a solution of enantiomerically pure cyclopropane does not lead to any racemization; 
however, the net amount of cyclopropane is reduced. Therefore, ring opening to the 
zwitterion seems to be irreversible for this system. The authors reason that the formation 
of 79 may be possible because the cis-configured PTAD allows for attack on the least 
sterically congested methylene of the D-A cyclpropane.  
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Scheme 1-19. Proposed Mechanism for GaCl3-Catalyzed Reaction of D-A 
Cyclopropanes and Diazenes 
 
 
With the exception of the work of Sibi and Tang, enantioselective synthesis of 
heterocycles via D-A cyclopropane cycloadditions has not been explored. To address this 
issue, the Johnson group sought to prepare 2,5-substituted tetrahydrofuran derivatives via 
a dynamic kinetic asymmetric transformation (DyKAT) of racemic D-A cyclopropanes 
and aldehydes.27 The authors sought a chiral Lewis acid that would selectively catalyze 
the cycloaddition with one enantiomer of the cyclopropane in addition to promoting 
interconversion of the cyclopropane enantiomers. Examination of several ligands 
revealed tBu-pybox ligands gave good selectivity and yield. Under the optimized reaction 
conditions, a variety substitutents on the D-A cyclopropane and aldehyde were tolerated 
to give the cycloadducts in good yields, high cis-selectivity, and high enantiomeric ratios 
(Table 1-13). Experimental observations suggest that the aldehyde selectively reacts with 
the (S) enantiomer of the cyclopropane under the reaction conditions through a 
stereospecific nucleophilic attack. Efforts are underway to elucidiate the mechanism of 
this transformation. 
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Table 1-13. Enantioselective Tetrahydrofuran Synthesis via DyKAT of D-A 
Cyclopropanes and Aldehydes 
 
 
Entry R R1 Yield er 
1 4-OMePh 4-CF3Ph 48 91.5:8.5 
2 4-OMePh 4-OMePh 88 95:5 
3 4-OMePh Styryl 92 94:6 
4 4-OMePh nhexyl 64 92.5:7.5 
5 4-OMePh iPr 55 91:9 
6 Styryl 4-OMePh 75 95:5 
7 Thienyl Styryl 91 97:3 
a(1.0 equiv) of cyclopropane, (2.0 to 4.0 equiv) aldehyde. bIsolated 
yield. cer was determined by chiral SFC analysis. dDetermined by 1H 
NMR spectroscopy of the unpurified product.  
 
 
1.3 Conclusions 
 Over the past two decades, D-A cyclopropanes have been used in a variety of 
synthetic methods to generate useful organic compounds. Methods for D-A cyclopropane 
synthesis are generally very versatile and efficient with the exception of enantioenriched 
D-A cyclopropanes which lack a general method of preparation. The variety of reactive 
pathways allows access to both acyclic and cyclic compounds. Heterocycles are 
accessible by Lewis acid-assisted ring activation and subsequent reaction with various 
dipolarophiles including aldehydes, ketones, imines, nitrones, nitriles, and diazenes. 
 29
These products can often be further manipulated to form more complex systems. This 
chemistry is also amendable to asymmetric catalysis. The high reactivity and ease of 
preparation of D-A cyclopropanes should continue to advance the synthetic methods of 
these versatile building blocks. 
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CHAPTER 2 
 
LEWIS ACID-CATALYZED CYCLOADDITIONS OF ALDEHYDES AND 
DONOR-ACCEPTOR CYCLOPROPANES 
 
 
2.1 Introduction 
 
 Substituted tetrahydrofurans are important small molecules due to their 
appearance in a variety of biologically important compounds.1,2 Among the myriad 
methods for the preparation of tetrahydrofurans, cycloadditions are particularly attractive 
with regard to convergency and atom economy.  To this end, several groups have 
achieved the synthesis of substituted tetrahydrofurans through the application of donor-
acceptor (D-A) cyclopropanes.3 These versatile three carbon building blocks are useful in 
organic synthesis due to both their reactivity and ease of preparation. Reissig has 
demonstrated the use of siloxycyclopropanecarboxylates and TiCl4 in the synthesis of γ–
lactols and homoaldol products (Scheme 2-1).4,5 The tautomeric γ–lactols can be taken  
on to substituted furan derivatives after cleavage of the anomeric hydroxyl group. 
Oshima has synthesized substituted tetrahydrofurans via the TiCl4/nBu4NI-promoted 
reaction of cyclopropyl ketones and aldehydes (Scheme 2-2).6  The proposed mechanism 
invokes an aldol intermediate that either cyclizes spontaneously or upon treatment with 
activated alumina. However, this sequence does not allow for the preparation of 
tetrahydrofurans substituted at the 5-position. 
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Scheme 2-1. Furan Derivatives from γ-lactols 
 
 
Scheme 2-2. Oshima’s Substitituted Tetrahydrofuran Synthesis from Cyclopropyl 
Ketones 
  
 
Related work by Sugita has shown that methanochromanones react with 
aldehydes and ketones under Lewis acid catalysis to give trans-fused 
tetrahydrofurobenzopyranone derivatives in good yields and good diastereoselectivity 
(Scheme 2-3).7,8 This work describes the highly diastereoselective, stereospecific 
synthesis of cis-2,5-disubstituted tetrahydrofurans via the Lewis acid-catalyzed 
cycloaddition of D-A cyclopropanes and aldehydes (eq 1).9 
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Scheme 2-3. Tetrahydrofurobenzopyranone Synthesis from Methanochromanones and 
Aldehydes 
 
  
 
 
 
 
 
2.2 Background: D-A Cyclopropanes 
 
 D-A cyclopropanes are the key building blocks in the cycloaddition strategy we 
pursued.  A central goal in our design plan was to develop reactions that could employ a 
carbon-based donor as the activating group opposed to the more common heteroatom 
donor groups that must be cleaved subsequent to cycloaddition (Scheme 2-4). The 
omission of the anomeric hydroxyl group would allow for the direct synthesis of the 2,5-
dialkyl substitution pattern commonly found in naturally occurring tetrahydrofurans  
(Scheme 2-5).  The donor group serves to stabilize the partial positive charge on 
intermediate 11 that is created as the C1−C2 bond of 10 is cleaved. At the outset it was 
assumed (erroneously, vide infra) that this bond cleavage would be complete and that 11 
would be a key intermediate.  The donor group can also serve as an additional functional 
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handle on the cycloadducts for further elaboration. Aryl and vinyl groups have been 
targeted to serve in this capacity. The acceptor group is composed of a malonyl dimethyl 
ester group in most cases. The Lewis acid activates the cyclopropane by association with 
the acceptor group. Led by the seminal work of Kerr, similiarly activated cyclopropanes 
have been used extensively in recent years.10,11 
 
Scheme 2-4. Common Donor and Acceptor Groups 
D A
D = Electron Donor: OR, OSiR3, NR'R'', SR, etc.
A = Electron Acceptor: CO2R, C(O)R, CN, etc.
 
 
Scheme 2-5. Proposed 2,5-Tetrahydrofuran Synthesis 
 
 
2.3 Results and Discussion 
Previous work in our laboratory led to the development of the Lewis acid 
catalyzed [3 + 2] cycloaddition. Under the optimized reaction conditions, a variety of 
electronically and sterically diverse tetrahydrofurans were synthesized in excellent yields, 
cis-diastereoselectivities, and high enantiomeric ratios (Table 2-1).12   
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Table 2-1. Lewis Acid-Catalyzed Stereospecific [3 + 2] Cycloaddition of Cyclopropane 
(S)-13 
 
OPh R
MeO2C
CO2Me
99.5:0.5 e.r.
Sn(OTf)2 (5 mol %)
CH2Cl2, r.t.
CO2Me
CO2Me
Ph
O
R
+
H
(S)-13 14
 
 
 
 
 
 
 
 
 
 
 
  
 Cyclopropanes where the donor group can be easily manipulated after the 
cycloaddition were seen as a desirable extension to this chemistry. Employing an alkenyl 
group as the donor substituent supplies an additional functional handle on the 
cycloadducts. Vinyl cyclopropane 15 was prepared from the double alkylation of 
dimethyl malonate with (E)-1,4-dibromo-but-2-ene (eq 2).7 Preliminary results by 
Pohlhaus showed good yields for the cycloaddition but low levels of diastereoselectivity. 
 
 
Entry  R        t (h) 
 
 yield  (%)a 
    
   d.r. 
 
e.r.  
1 Ph (14a) 2.5 100 >100:1 98:2 
2 4-ClPh (14b) 4.75   97 >83:1 98:2 
3 4-OMePh (14c) 3.5   99 >84:1 99.5:0.5 
4 4-NO2Ph 
(14d)b 
15   91 >19:1 67:33 
5 (E)-CH=CHPh 
(14e) 
3.5   97   17:1 99.5:0.5 
6 C≡CPh (14f)c 6   90  1.6:1 94:6 
7 2-furyl (14g) 3.25   83   23:1 99.5:0.5 
8 2-thienyl (14h) 3.25   98 >83:1 99:1 
9 Et (14i)d 1.75 100 >36:1 98:2 
10 iPr (14j)d 2.5   98 >56:1 98:2 
aIsolated yields.  bWith 20 mol % of Sn(OTf)2 used. cWith 10 mol % of 
Sn(OTf)2 used. dWith 5 mol % of SnCl4 used as Lewis acid.  
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Reaction of the vinyl cyclopropane 15 with benzaldehyde and isobutyraldehyde produced 
the corresponding tetrahydrofurans in yields of 94% and 96% with diastereoselectivities 
of 8.9:1 and 5.7:1 respectively (eq 3 and 4).  
 
 
 
It was hypothesized that a bulkier vinyl group would yield more selective reactions. 
Attempts were made to prepare isopropenyl cyclopropane 18 but the desired product 
could not be successfully isolated from the reaction and conditions were not found to 
eliminate by-products 19 and 20 (eq 5). 
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Efforts were made to increase the diastereoselectivities of the unsubstituted-vinyl 
cyclopropanes as the cis and trans isomers were inseparable by flash chromatography. A 
screen of several reaction components was performed to identify optimal conditions for 
reactions shown in eq 3 and eq 4. A short screen of Lewis acids and variable 
temperatures did not improve either system. The aryl aldehyde system showed slight 
increases in dr from 8.9:1 with several solvents (Table 2-2). The alkyl aldehyde system 
demonstrated a significant increase in diastereoselectivity using toluene as a solvent 
(Table 2-3). Changes to the dicarboxyester groups showed increases for both substrates 
as well (Table 2-4). 
 
Table 2-2. Solvent Screen for Sn(OTf)2-Catalyzed Cycloddition with 2-Vinyl 
Cyclopropane and Benzaldehyde 
 
Entry Solvent Conversion Time (h) dr 
1 dichloroethane 40% 22 4:1 
2 toluene 90% 6.5 9:1 
3 benzene 90% 4 11:1 
4 ether 55% 4 12:1 
5 mesitylene 70% 4.5 10:1 
6 o-xylene 70% 4.5 12:1 
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Table 2-3. Solvent Screen for SnCl4-Catalyzed Cycloaddition with 2-Vinyl 
Cyclopropane and Isobutryaldehyde 
 
 
Entry Solvent Conversion Time (h) dr 
1 dichloroethane 40% 22 5:1 
2 toluene 90% 6.5 24:1 
3 MTBE NR 22 - 
4 ether 55% 4 9:1 
5 2-MeTHF NR 6.5 - 
6 o-xylene 70% 4.5 12:1 
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Table 2-4. Dicarboxyester Screen for 2-Vinyl Cyclopropanes in Sn-Catalyzed 
Cycloaddition 
 
 
 
The optimized results are presented in Table 2-5. Butenyl cyclopropane 25, 
synthesized via Corey-Chaykovsky cyclopropanation,7 was also attempted in the 
cycloaddition. Reactions with these substituted-vinyl species proceeded with good yield 
and excellent diastereoselectivities (Table 2-5 , entries 1 and 2). The additional steric 
demand of cyclopropane 25 in comparison to 16 may explain the increase in 
diastereoselectivity.  The final two entries of Table 2-5 demonstrate the use of ketone 
dipolarophiles. Acetone was used successfully in the cycloaddition with vinyl 
cyclopropane 16 and 23 with both SnCl4 and Sn(OTf)2 to produce the cycloadducts in 
excellent yields.   
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Table 2-5. Vinyl Cyclopropane Scope in Lewis Acid-Catalyzed Cycloadditions of D-A   
Cyclopropanes with Aldehydes and Ketones 
 
R2
R3 CO2R1
CO2R1
O
R5R4
Lewis acid
O R
5
CO2R1
R1O2C
R2
R3
R4
 
 
 
   Aldehydes containing a heteroatom were also subjected to the [3 + 2] 
cycloaddition with vinyl cyclopropane 16. Aldehyde A (Figure 2-1) gave only trace 
entry cyclopropane O
R4 R5
 
solvent Lewis 
acid 
time 
 (h) 
Yield 
(%) 
d.r. 
1 
CO2Me
CO2Me
25 
H Ph CH2Cl2 Sn(OTf)2 5 80 >100:1 
2 
CO2Me
CO2Me
25 
H iPr CH2Cl2 Sn(OTf)2 
 
6 
 
75 >100:1 
 
3 
CO2Me
CO2Me
 
16 
 
H 
 
Ph 
 
CH2Cl2 
 
Sn(OTf)2 
 
8 
 
94 
 
8.9:1 
4 
CO2Me
CO2Me
 
16 
H iPr CH2Cl2 SnCl4 8 96 5.7:1 
 
5 
CO2Bn
CO2Bn
 
23 
 
H 
 
Ph 
 
CH2Cl2 
 
Sn(OTf)2 
 
8 
 
60 
 
24:1 
6 
CO2Me
CO2Me
 
16 
H iPr C7H8 SnCl4 8 73 24:1 
7 
CO2Bn
CO2Bn
 
23 
Me Me CH2Cl2 Sn(OTf)2 7 90 NA 
8 
CO2Me
CO2Me
 
16 
Me Me C7H8 SnCl4 6 99 NA 
aIsolated yield. b10 mol% of Sn(OTf)2 used. c20 mol % of Sn(OTf)2 used. d5 mol % of Sn(OTf)2 used.  
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amounts of product with SnCl4 and was not reactive with Sn(OTf)2 under normal reaction 
conditions. Aldehyde B was also unreactive with Sn(OTf)2 under normal reaction 
conditions. Some product formation could be seen with this dipolarophile in the presence 
of SnCl4, but by-product formation and other inconsistencies hindered optimization of 
this reaction.  Although acetone worked well in the [3 + 2] cycloaddition with vinyl 
cyclopropane, acetophenone displayed variable results. This reaction was plagued by 
incomplete conversions and by-product formation.  A major by-product in these reactions 
is possibly a result of chloride addition to C2 of the cyclopropane. 
 
Figure 2-1. Unsuccessful Dipolarophiles 
O
OBn
H
O
OTBS
H
O
Me Ph
A B
C
 
 
In this work, C3 of the cyclopropane is usually unsubstituted and reactions occur 
exclusively at C2. Substitution at the 3-position could activate this center, resulting in 
reduced regioselectivity in the cycloaddition. To probe this issue, 2,3-disubstituted 
malonyl cyclopropane 26 was prepared from the Rh2(OAc)4 catalyzed decomposition of 
dimethyl diazomalonate in the presence of 1,3-cyclohexadiene.7  Reaction with 
benzaldehyde occurs exclusively at the more activated allylic position to form the 
bicyclic tetrahydrofuran 27 (Scheme 2-6). In this experiment, complete allylic site 
selectivity demonstrates the ability to distinguish between C2 and C3 of the cyclopropane 
based on its electronic character. The trans ring junction in the product was supported by 
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NOESY analysis and characteristic coupling constant values for the ring junction protons 
in the derived cyclohexane 28.  This reaction was also performed with isobutyraldehyde 
in the presence of SnCl4. In this case, product formation was observed but undesired 
products and decomposed material were present in significant quantities. 
 
Scheme 2-6. Site Selectivity in 2,3-Disubstituted Malonyl Cyclopropanes and NOESY 
Analysis of the Derived Cyclohexane 
 
H2
Pd/C
O
CO2Me
Ha
Ph
HbCO2Me
H
CH2Cl2, rt, 8 h
CO2Me
CO2Me Ph
O
H
Sn(OTf)2 (10 mol %)
98%, d.r. >100:1
3J-Ha = 10.8, 10.8, 4 Hz
3J-Hb = 12, 12, 3.2 Hz
26 27
92%
E = CO2Me
28
nOe's
O
Hb
Ha
Ph
H
E
E
 
 
The utility of this cycloaddition strategy hinges in part on the ability to 
manipulate the tetrahydrofuran products. Upon treatment with NaCN in wet DMSO, 
tetrahydrofuran rac-14a underwent decarboxylation in a stereoselective fashion to afford  
monoester 29 in good yield (eq 6).13 This facile process allows for simple 
functionalization of the ring 3-position. The vinyl tetrahydrofurans can be easily 
functionalized via ozonolysis, as demonstrated in a reaction revealing aldehyde 30 in 
93% yield (eq 7).  
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OPh Ph
MeO2C
CO2Me
OPh Ph
CO2Me
NaCN
DMSO/H2O, 110 °C
75%
dr = 6.5:1
(eq 6)
rac-14a 29
O Ph
BnO2C
CO2Bn 1. O3, CH2Cl2
2. SMe2 O
O
Ph
BnO2C
CO2Bn (eq 7)
3024
H
93%
 
 
2.3.1 Stereochemistry 
  The results in Table 2-1 demonstrate the chirality transfer that occurs when 
enantioenriched cyclopropanes are used in the cycloaddition. This fortuitous discovery 
allowed the synthesis of a variety of optically active tetrahydrofurans without the need 
for ligand control in the cycloaddition. Chirality transfer also occurs in reactions of the 
vinyl D-A cyclopropanes (eq 8 and 9). Optically active vinyl cyclopropane (S)-15 and 
(S)-23 were prepared through resolution of the cyclopropane diacid with cinchonidine 
followed by six recrystallizations.  
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In Polhaus’s studies, only extremely electron-poor aldehydes, which require 
higher catalyst loadings and longer reaction times, gave products of <96.5:3.5 e.r. When 
these reactions were quenched at low conversion, products were formed with an e.r. of 
96.5:3.5. To probe this observation, the reaction conditions were reproduced in the 
absence of p-nitrobenzaldehyde. After quenching the reaction, complete racemization of 
(S)-13 was observed. With these results, it is apparent that there is noticeable loss of 
stereochemical integrity of the cyclopropane throughout the course of the reaction with 
these sluggish dipolarophiles.14 This was confirmed in a control experiment performed in 
the absence of aldehyde (Chart 1). 
 
Chart 1. Sn(II)-Catalyzed Cyclopropane Racemization as a Function of Time 
Ph
CO2Me
CO2Me
Sn(OTf)2 (20 mol %)
CH2Cl2 Ph
CO2Me
CO2Me
>99.5:0.5 e.r.
(S)-13 rac-13
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 46
2.3.2 Mechanistic Analysis  
The cycloaddition products were largely obtained without any significant loss in 
the stereochemical information from the enantioenriched cyclopropane. Racemic 
products would be expected if the reaction proceeded through a ring opened 
cyclopropane zwitterion (11). The chirality transfer indicates that this zwitterion was not 
significant in this cycloaddition; therefore, it was of interest to elucidate the mechanism 
and the origin of chirality transfer. Further investigations required knowledge of the 
absolute stereochemistry of the reaction products. The cycloadduct 14b was converted to 
its derived barbituric acid 30, and a single-crystal X-ray diffraction analysis determined 
the absolute stereochemistry as (2R,5R) (Scheme 2-7).15,16 The X-ray analysis also 
revealed that inversion occurs at the cyclopropyl stereocenter (C2) during the course of 
the reaction. Inversion at the cyclopropane donor site was also confirmed in the 
cycloaddition results with bicyclo[4.1.0]heptene 26. 
An additional labeling study was conducted in which one of the diastereotopic 
carboxymethyl groups of the cyclopropane was selectively labeled. It was prepared by 
selective hydrolysis of the ester group trans to the phenyl substituent of 16. Subsequent 
reesterification with perdeuterated dimethyl sulfate yielded the labeled cyclopropane 
31.25 After the cycloaddition, 100% of the label in 32 is cis to the phenyl group; the ratio 
of 32 to 33 is 94:6 (eq 10). A significant upfield shift in the 1H NMR spectrum is 
regularly observed for the methyl group cis to the C2 phenyl group of the tetrahydrofuran 
due to shielding ring currents. This spectral characteristic allows facile assignment of the 
ester groups. 
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Scheme 2-7. Barbituric Acid Derivative Synthesis for Absolute Stereochemistry 
Determination by X-Ray Analysis 
 
O
CO2Me
MeO2C
KOtBu, DMSO, rt
H2NC(O)NH2
O
H
Cl
Ph
H
N
NHH
O
O
O
Cl
Ph
CO2Me
CO2Me
Ph
p-ClPhCHO
Sn(OTf)2
(S)-13 14b
30
 
 
Ph CO2CH3
CO2CD3 PhCHO
Sn(OTf)2
(5 mol %)
CH2Cl2, r.t.
OPh Ph
CO2CH3
D3CO2C
O PhPh
H3CO2C CO2CD3
94:6
(eq 10)
31 32 33
δ 3.82
δ 3.09
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Scheme 2-8. Mechanistic Analysis of the [3 + 2] Lewis Acid-Catalyzed D-A 
Cyclopropane Cycloaddition 
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Four reasonable mechanisms for the [3+2] cycloaddition can be evaluated in the 
context of these experimental observations (Scheme 2-8). First, an unusual substitution 
process wherein the aldehyde acts as a nucleophile, causing inversion of the 
stereochemistry at the activated C-2 carbon of the cyclopropane (Mechanism A).17-20 
Inversion has been observed for the methanolysis21-23 and aminolysis24,25 of activated 
cyclopropanes at elevated temperatures. Cram has proposed carbanion-carbonium ions as 
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transient configurationally stable intermediates in reactions with D-A cyclopropanes of 
this type.26 Next, an SE2-process occurring by a “corner” attack mechanism would 
proceed with inversion at the cyclopropane 1-position and afford the tetrahydrofuran 
(Mechanism B); however, this is the minor diastereomer observed from the labeling 
experiment.27,28 The cyclopropane could also undergo “edge” attack by the aldehyde 
(Mechanism C). This SE2 process would occur with retention of configuration at the 1-
position.9 Placing the large group of the aldehyde away from the phenyl group on the 
cyclopropane would lead to the incorrect absolute stereochemistry.  If a concerted 
mechanism is considered, the reaction would need to occur via a symmetry allowed [π2s + 
σ2a] pathway (Mechanism D).29 There is only one coplanar orientation of reactants that is 
consistent with the observed relative and absolute stereochemistry and would not suffer 
from significant unfavorable steric interactions. Only mechanism A and D predict a 
stereochemical outcome that matches the experimental observation. 
 Further experimentation was used to distinguish mechanisms A and D. 
Competition experiments were performed using substituted benzaldehydes of varying 
electronic character versus benzaldehyde (Scheme 2-10). These cyclopropanes were 
prepared as shown in Scheme 2-9.  When electron rich aldehydes were used, the product 
ratio favors the species from the electron rich aldehyde (B) and when electron poor 
aldehydes are used, the product ratio reverses to favor tetrahydrofuran A formed from 
benzaldehyde. A linear Hammett correlation was not observed; however, this may be due 
to the varying ability of different aldehydes to act as inhibitors of the Lewis acid. In 
mechanism A (Scheme 2-8), electron rich aldehydes should react faster if the key step is 
nucleophilic attack of the oxygen lone pair on the activated cyclopropane (mechanism A, 
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Scheme 2-8); thus the competition experiments’ ratios support this mode of action. This 
piece of evidence disfavors a concerted mechanism (mechanism D, Scheme 2-8). In the 
concerted reaction, the primary orbital interaction would be between the HOMO of the 
cyclopropane and the LUMO of the aldehyde. This is not congruent with the sluggish 
reactivity of electron-poor aldehydes, which have lower LUMO energies and should 
therefore react faster if such a mechanism were operative. It would also be predicted that 
Lewis acid coordination to the malonate would lower the HOMO (σC1-C2) and not provide 
rate acceleration. Computational studies for this system and similar systems support the 
observed trends and proposed mechanism.30-31 
 
Scheme 2-9. Synthesis of D-A Cyclopropanes with Electronically Variable Donor 
Groups 
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Scheme 2-10. Competition Experiments of Substituted Benzaldehydes Versus 
Benzaldehyde in the Lewis Acid-Catalyzed [3 + 2] Cycloaddition 
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Simple variation of the donor substituents on the D-A cyclopropane ring allows 
for the preparation of tetrahydrofurans with electronically different substituents at the 5-
position. Substituted tetrahydrofurans in entries 1-8 of Table 2-6 were prepared in high 
yields from the corresponding substituted cyclopropanes of varying electronic character. 
There was a significant drop in the rate of the reaction as the donor substituents became 
more electron withdrawing as in entries 3-5 of Table 2-6. This trend is in line with the 
proposed mechanism since the electronic characteristics of the cyclopropane govern the 
ease of formation of the ring-opened species 34.   In these highlighted cases, the donor 
group destabilizes the polarized species 34.  Higher catalyst loadings as well as longer 
reaction times were needed in these cases; however, under the optimized conditions these 
heterocycles could still be obtained in good yields and stereoselectivities. 
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Table 2-6. Substituted-Aryl Cyclopropane Scope in Lewis Acid-Catalyzed [3 + 2] 
Cycloaddition of D-A Cyclopropanes and Aldehydes 
 
CO2Me
CO2Me
R
O
R''
O R''R
CO2Me
MeO2CSn(OTf)2 (5 mol %)
CH2Cl2
rt
H
38
 
 R R’’ Time 
(h) 
Yielda 
(%) 
d.r. 
1 4-OMePh (38a) Ph 0.1 85 >63:1 
2 4-MePh (38b) Ph 1.25 60 >100:1 
3 4-BrPhb  (38c) Ph 25 61 >100:1 
4 4-OAcPhc (38d) Ph 24 91 >100:1 
5 4-CO2MePhc 
(39e) 
Ph 24 83 >100:1 
6 4-OMePh (40h) 4-OMePh 0.1 90 >100:1 
7 4-OMePh (40h) 4-OMePh 3.75 90 12:1 
8 4-OMePh (41i) 4-NO2Ph 0.4 82 >83:1 
aIsolated yield. b10 mol % of Sn(OTf)2 used. c30 mol %  of Sn(OTf)2 used. 
 
Viewing the initial attack of the cyclopropane in terms of the C1-C2 σ-bond 
stability allows further insight into the mechanism. Reactions between the p-
methoxyphenylcyclopropane 16a (PMP-cyclopropane) and aldehydes of varying 
electronic character including p-nitrobenzaldehyde proceed in less than half an hour with 
5 mol % catalyst with high diastereoselectivities (Table 2-6). This is in contrast to the 
reaction of p-nitrobenzaldehyde with phenylcyclopropane, which takes 15 hours at 30 
mol % catalyst. Labeling studies with the PMP-cyclopropane show complete scrambling 
of the carboxyester groups in less than five minutes in the presence Sn(OTf)2 (eq 11).  
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The ability of the p-methoxy group to stabilize any cationic charge at C2 facilitates ring-
opening of the cyclopropane. Reactions with this species proceed swiftly regardless of 
the electronics of the aldehyde, as can be seen with the p-nitrobenzaldehyde. The PMP-
cyclopropane also exhibited interesting selectivities in the transformation to 
tetrahydrofurans. These reactions also proceed in high stereoselectivities (Table 2-6, 
entry 8), but epimerization occurs if the reaction is not quenched upon completion (Table 
2-6, entry 9). A mechanism of epimerization was proposed that allows for epimerization 
at C5 of the tetrahydrofuran through a ring-opening operation where the cation is 
stabilized by the electron releasing donor group.  Lewis acid coordination to the ring 
oxygen would facilitate this process (Scheme 2-11). 
 
CO2CD3
CO2Me
MeO
Sn(OTf)2 (5 mol %)
CH2Cl2 , r.t., 5 min
CO2 CD3
CO2CH3
MeO
CO2CH3
CO2CD3
MeO
1:1
(11)
42 43 44
 
 
 
Scheme 2-11. Proposed Mechanism for Tetrahydrofuran Epimerization 
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The origin of the cis-diastereoselectivity in these cycloaddition reactions can be 
analyzed in the context of the proposed mechanism (Scheme 2-12). The more accessible 
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trans lone pair on the carbonyl oxygen most likely attacks the configurationally stable 
carbenium/carbanion 34 in the initial substitution reaction. The rate of this capture is 
directly related to the nucleophilicity of RCHO. This substitution would produce (E)-
oxocarbenium ion 35. From the staggered conformation, a least-motion 120° rotation 
about the C2-C3 σ-bond would place the zwitterion in an envelope conformation 47. The 
substituents from the cyclopropane and aldehyde occupy pseudoequatorial positions in 
this conformation. The enolate then quenches the oxocarbenium ion, leading to ring 
closure. It is apparently the case that little bond rotation about the C1-C3 σ-bond occurs 
in oxocarbenium ion 35, affording tetrahydrofuran 32 with the labeled carbomethoxy 
group cis to the 2’- and 5’-substituents. This retention of configuration is reasonable 
considering that scrambling at this position would require a 180° C1-C3 bond rotation to 
be faster than the 120° C2-C3 bond rotation. Additionally, this 180° rotation would 
involve an eclipsing butane interaction between C2 and one carboxyester group, while 
the 120° rotation would not suffer similar torsional strain. 
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Scheme 2-12. Origin of cis-2,5-Diastereoselectivity in [3 + 2] Cycloaddition Reactions 
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As demonstrated in the reactions with 2,3-disubstituted D-A cyclopropanes, 
regioselectivity is well controlled. All of the cycloaddition reactions studied produce 
substituted tetrahydrofurans as single regioisomers in which the oxygen atom of the 
aldehyde has become bonded to the tertiary carbon of the cyclopropane and the carbonyl 
carbon atom has become bonded to the quaternary carbon of the cyclopropane. This 
results from nucleophilic attack by the aldehyde at the more electrophilic site on the 
cyclopropane ring. Coordination of the Lewis acid to the cyclopropane ester groups is 
expected to break the C1-C2 cyclopropane σ-bond in analogy to Cram’s thermal cleavage 
reactions, providing a configurationally stable carbenium/carbanion pair (34). The 
presence of an electron-releasing group in the donor position stabilizes the partial positive 
charge, and hence, the bond between the substituted carbon and the quaternary carbon is 
preferentially broken. Pohlhaus demonstrated that an alkyl-substituted cyclopropane and 
an alkyl aldehyde yielded the cycloadduct in 70% yield and 4.7:1 dr (eq 12). We believe 
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that the high site selectivity in the cycloaddition of n-butyl cyclopropane 26 does not 
support an SN2 mechanism. The SN1/SN2 continuum contains reactions proceeding via 
intimately associated ion pairs, the most complete description consistent with the IUPAC 
nomenclature for such reactions would be DN∗ANint.32-33 
 
 
 
2.4 Conclusions 
 In summary, a Lewis acid-catalyzed [3 + 2] cycloaddition reaction of carbon-
based D-A cyclopropanes and aldehydes has been developed. This methodology achieves 
the facile synthesis of cis-2,5-disubstituted tetrahydrofurans from readily accessible 
starting materials. This reaction is effective for both alkyl and aryl aldehydes of varying 
electronics and typically produces tetrahydrofurans in very high yields with excellent cis-
diastereoselectivities. Furthermore, unsaturated substituents on the D-A cyclopropane 
provide the necessary stabilization for successful reactivity, allowing access to a diverse 
array of tetrahydrofuran derivatives. Mechanistic studies have shown that this formal [3 + 
2] cyclopropane/aldehyde cycloaddition occurs via an unusual nucleophilic substitution 
mechanism in which the aldehyde acts as a nucleophile toward a configurationally stable 
intimate ion pair. Our original characterization of this process as an SN2 reaction12 
accurately describes the stereochemical outcome, but the study detailed herein reveals 
that the reaction carries all of the hallmarks of one proceeding via an ionic electrophile: 
substitution at the more highly substituted carbon atom and faster reaction rates with 
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electron releasing groups on both the nucleophile and electrophile. The stereospecificity 
of this reaction mechanism mediates the efficient transfer of absolute stereochemical 
information from aryl- and vinyl-substituted cyclopropanes to the products, allowing the 
facile synthesis of optically active 2,5-cis-disubstituted tetrahydrofurans from 
enantioenriched cyclopropanes. Additional work in our group has suggested the 
application of this process to the facile synthesis of substituted tetrahydrofurans 
containing an even greater degree of substitution and stereochemical complexity is 
possible. 
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2.5 Experimental                
Materials and Methods: General Information. Infrared (IR) spectra were 
obtained using a Nicolet 560-E.S.P. infrared spectrometer.  Proton and carbon nuclear 
magnetic resonance spectra (1H and 13C NMR) were recorded on the following 
instruments: Bruker model Avance 400 (1H NMR at 400 MHz and 13C NMR at 100 
MHz) and Varian Gemini 300 (1H NMR at 300 MHz and 13C at 75 MHz) spectrometers 
with solvent resonance as the internal standard (1H NMR: CDCl3 at 7.27 ppm and 13C 
NMR: CDCl3 at 77.0 ppm).  1H NMR data are reported as follows: chemical shift, 
multiplicity (s = singlet, d = doublet, dd = doublet of doublets, ddd = doublet of doublet 
of doublets, dddd = doublet of doublet of doublet of doublets, t = triplet, q = quartet, 
quint = quintuplet, sep = septet, m = multiplet), coupling constants (Hz), and integration. 
Combustion analyses were performed by Atlantic Microlab Inc., Norcross, GA.  
Analytical thin layer chromatography (TLC) was performed on Whatman 0.25 mm silica 
gel 60 plates. Mass spectra were obtained on a Micromass Quattro II Triple Quadrupole 
Spectrometer using ESI ionization. Structural assignments were made using NOESY and 
COSY experiments. Enantiomeric ratios were obtained using a Berger Supercritical fluid 
Chromatograph mode FCM 1100/1200 equipped  with an Agilent 1100 series UV-Vis 
detector using one of the following chiral HPLC columsn: Chiralcel Chiralpak AD, WO, 
or OD column. Samples were eluted with SFC grade CO2 and the indicated percentage of 
MeOH. Enantiomeric ratios were alternatively obtained using an Agilent 6890N Network 
Gas Chromatograph System equipped with a Chiraldex G-TA column (30m x 0.25 mm, 
oven = 100 °C, pressure = 80 kPa, detector = FID, 250 °C) with helium gas as carrier.  
Visualization was accomplished with UV light and aqueous ceric ammonium nitrate 
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molybdate solution followed by heating.  Purification of the reaction products was carried 
out by flash chromatography using Sorbent Technologies silica gel 60 (32-63 µm).  All 
reactions were carried out under an atmosphere of nitrogen or argon in flame-dried 
glassware with magnetic stirring. Yield refers to isolated yield of analytically pure 
material. Yields are reported for a specific experiment and as a result may differ slightly 
from those found in the tables and equations, which are averages of at least two 
experiments. Methylene chloride and THF were dried by passage through a column of 
neutral alumina under nitrogen prior to use. Solid aldehydes, 4 nitrobenzaldehyde, 4-
chlorobenzaldehyde, and 4-bromobenzaldehyde were purified by recrystallization prior to 
use. All other aldehydes were distilled from CaSO4 prior to use.  Unless otherwise noted, 
reagents were obtained from commercial sources and used without further purification. 
 
 General procedure (A) for the Lewis acid catalyzed cycloaddition. In an inert 
atmosphere glovebox, a flame-dried vial was charged with Sn(OTf)2 , the cyclopropane  
(1 equiv), and a magnetic stir bar.  Outside of the glove box, the vial was placed under an 
argon atmosphere and charged with CH2Cl2 followed by the aldehyde (3 equiv).  The 
reaction was stirred at room temp (23 °C - 29 °C) until the disappearance of starting 
material was confirmed by TLC.  The reaction mixture was then passed over a plug of 
silica with 40 mL of Et2O.  The solvent was removed with a rotary evaporator and the 
residue placed under vacuum (< 0.1 torr). The product was purified by flash 
chromatography, eluting with the indicated solvent system to afford the pure 
tetrahydrofuran. 
 60
 General procedure (B) for the Lewis acid catalyzed cycloaddition. In an inert 
atmosphere glovebox, a flame–dried vial was charged with the cyclopropane (1 equiv) 
and a magnetic stir bar. Outside of the glove box, the vial was placed under an argon 
atmosphere and charged with a solution of SnCl4 (0.10 equiv) in 0.5 ml of C7H8 followed 
by the aldehyde (3 equiv). The reaction was stirred at room temperature (23 °C - 29 °C)  
until the disappearance of starting material was confirmed by TLC. The reaction mixture 
was then passed over a plug of silica with 40 mL of Et2O, the solvent removed with a 
rotary evaporator, and the residue placed under vacuum (<0.1 torr).  The product was 
purified by flash chromatography, eluting with the indicated solvent system to afford the 
pure tetrahydrofuran. 
  
CO2Me
CO2Me
O
PhH
Sn(OTf)2
CH2Cl2, r.t. O
Ph
CO2Me
MeO2C
 
 
2-phenyl-5-(1,2-dimethylvinyltetrahydrofuran)-3,3-dicarboxylic acid dimethyl ester 
(rac-12a, Table 3, entry 1). In an inert atmosphere glovebox, a flame-dried vial was 
charged with 0.020 mmol of Sn(OTf)2 (10 mg, 0.05 equiv), 0.47 mmol of vinyl 
cyclopropane (100 mg, 1 equiv), and a magnetic stir bar.  Outside of the glove box, the 
vial was placed under an argon atmosphere and charged with 0.6 mL of CH2Cl2 followed 
by 1.4 mmol of the aldehyde (150 mg, 3 equiv).  The reaction was stirred at r.t. for 6 
hours until the disappearance of starting material was confirmed by TLC.  The reaction 
mixture was then passed over a plug of silica with 40 mL of Et2O.  The solvent was 
removed with a rotary evaporator and the residue placed under vacuum (< 0.1 torr).  1H 
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NMR analysis of the unpurified product gave the diastereomeric ratio as >100:1. The 
product was purified by flash chromatography, eluting with 7.5% EtOAc/petroleum ether 
to afford 120 mg (80%) of the pure tetrahydrofuran as a colorless oil. 
Analytical data: IR (thin film, cm-1); 2954, 2917, 2865, 1750, 1480, 1463, 1424, 
1313, 1262, 1201, 1169, 1063, 1052, 1017, 947, 902, 822, 754; 1H NMR (400MHz, 
CDCl3) δ 7.43 (d, J = 7.2 Hz, 2H), 7.31-7.25 (m, 2H), 5.69-5.66 (m, 2H), 4.33 (dd, J = 
10.4, 5.6 Hz, 1H), 3.82 (s, 3H), 3.08 (s, 3H), 2.90 (dd, J = 13.2, 11.2 Hz, 1H), 2.36 (dd, J 
= 13.2, 5.6 Hz, 1H), 1.84 (s, 3H), 1.68 (d, J = 6.4 Hz, 3H);  13C NMR (100 MHz, 
CDCl3); 171.6, 169.4, 137.9, 133.4, 128.0, 127.7, 127.0, 122.8, 83.9, 83.3, 66.1, 52.9, 
52.1, 39.1, 13.2, 11.4; TLC (10% EtOAc/petroleum ether) Rf 0.39; Anal. Calcd. for 
C18H22O5: C, .67.91; H, 6.97. Found: C, ; H, . 
 
CO2Me
CO2Me
O
H
Sn(OTf)2
CH2Cl2, -25 °C O
CO2Me
MeO2C
 
 
2-isopropyl-5-(1,2-dimethylvinyltetrahydrofuran)-3,3-dicarboxylic acid dimethyl 
ester. In an inert atmosphere glovebox, a flame-dried vial was charged with 0.047 mmol 
of Sn(OTf)2 (20 mg, 0.10 equiv), 0.47 mmol of vinyl cyclopropane (100 mg, 1 equiv), 
and a magnetic stir bar.  Outside of the glove box, the vial was placed under an argon 
atmosphere and charged with 0.6 mL of CH2Cl2 followed by 1.4 mmol of the aldehyde 
(102 mg, 3 equiv).  The reaction was stirred at -25 °C for 6.5 hours until the 
disappearance of starting material was confirmed by TLC.  The reaction mixture was then 
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passed over a plug of silica with 40 mL of Et2O.  The solvent was removed with a rotary 
evaporator and the residue placed under vacuum (< 0.1 torr).  1H NMR analysis of the 
unpurified product gave the diastereomeric ratio as >100:1. The product was purified by 
flash chromatography, eluting with 10% EtOAc/petroleum ether to afford 100 mg (75%) 
of the pure tetrahydrofuran as a colorless oil. 
Analytical data: IR (thin film, cm-1); 3075, 2980, 2954, 2860, 2320, 1732 1460, 
1239, 1173, 1116, 1024, 954, 820  1H NMR (400MHz, CDCl3) δ 5.58 (q, J = 6.4Hz, 1H), 
4.19 (d, J = 6.8, 1H), 4.11 (dd, J = 10, 6 Hz, 1H), 3.75 (d, J = 9.2 Hz, 6H), 2.61 (dd, J = 
13.2, 10.4 Hz, 1H), 2.33 (dd, J = 13.2, 6 Hz, 1H), 1.87-1.92 (m, 1H), 1.66 (s, 3H), 1.62 
(d, J = 6.4 Hz, 3H), 0.957 (dd, J = 13.6, 6.8 Hz, 6H);  13C NMR (100 MHz, CDCl3); 
171.9, 170.6, 133.8, 122.1, 87.6, 82.1, 62.9, 52.7, 52.5, 40.4, 29.9, 20.5, 18.7, 13.1, 11.3. 
TLC (10% EtOAc/petroleum ether) Rf 0.39; Anal. Calcd. for C15H24O5: C, 63.36; H, 
8.51. Found: C, 63.46; H, 8.75. 
 
CO2Bn
CO2Bn O
Ph
Sn(OTf)2
CH2Cl2, r.t. O
CO2Bn
BnO2C
H
 
(2R,5R)-2-phenyl-5-vinyltetrahydrofuran-3,3-dicarboxylic acid dibenzyl ester.  In an 
inert atmosphere glovebox, a flame-dried vial was charged with Sn(OTf)2 (13.3 mg, 
0.032 mmol), vinyl cyclopropane (108 mg, 0.32 mmol), and a magnetic stir bar.  Outside 
of the glove box, the vial was placed under an argon atmosphere and charged with 0.6 
mL of CH2Cl2 followed by benzaldehyde (102 mg, 0.96 mmol).  The reaction was stirred 
at room temp (23 °C - 29 °C) for 8 hrs until the disappearance of starting material was 
confirmed by TLC.  The reaction mixture was then passed over a plug of silica with 50 
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mL of Et2O.  The solvent removed with a rotary evaporator and the residue placed under 
vacuum (< 0.1 torr).  1H NMR analysis of the unpurified product gave the diastereomeric 
ratio as 24:1. The product was purified by flash chromatography, eluting with 10% 
EtOAc/hexanes to afford the pure tetrahydrofuran as a colorless oil in 60 % yield in 93% 
ee as determinded by chiral SFC analysis (Chiralpak AD, 3.0% MeOH, 1.0 mL/min, 200 
psi, 27 °C, 220 nm, tr-major 22.2 min, tr-minor 24.4 min. 
  Analytical Data: [α]D27 -49 (c = .17, CH2Cl2). IR (thin film, cm-1) 3084, 3065, 
3034, 2988, 2953, 2882, 2360, 2339, 1956, 1881, 1810, 1730, 1648, 1606, 1587, 1497, 
1456, 1377, 1322, 1275, 1047, 931, 741, 696;  1H NMR (400MHz, CDCl3) δ 7.35 (d, J = 
4 Hz, 2H) 7.30-7.21 (m, 11H), 6.90 (d, J = 6.8 Hz, 2H) 6.10 (ddd, J = 17.2, 10.4, 6.8 Hz, 
1H), 5.71 (s, 1H), 5.40 (d, J = 17.2 Hz, 1H), 5.27 (d, J = 10.4 Hz, 1H), 5.16 (d, J = 1.6 
Hz, 2H), 4.70 (d, J = 12.4 Hz, 1H), 4. (m, J = Hz, 1H),  4.20 (d, J = 12.4 Hz, 1H), 2.82 
(dd, J = 13.4, 10.2 Hz, 1H), 2.53 (dd, J = 13.2, 6.4 Hz, 1H);  13C NMR (100 MHz, 
CDCl3) δ 168.3, 166.2, 135.5, 134.3, 132.9, 132.6, 126.4, 126.3, 126.1,  126.1, 126.0, 
125.9, 125.89, 125.7, 125.0, 115.5, 82.1, 77.00, 65.5, 65.1, 64.1, 38.4; Anal. Calcd. for 
C28H26O5: C, 76.00; H, 5.92. Found: C, 75.73; H, 5.92. 
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CO2Me
CO2Me
O SnCl4
PhMe, r.t. O
CO2Me
MeO2C
H
 
 
2-isopropyl-5-vinyltetrahydrofuran-3,3-dicarboxylic acid dimethyl ester. The title 
compound was prepared according to General Procedure B with 0.54 mmol of the 
cyclopropane (100mg, 1 equiv). Outside of the glove box, the vial was placed under an 
argon atmosphere and charged with a solution of 0.054 mmol of SnCl4 (0.10 equiv) in 0.5 
ml of C7H8 followed by 0.15 ml of the aldehyde (3 equiv). The reaction was stirred at 
room temperature (23 °C - 29 °C) for 8 hours until the disappearance of starting material 
was confirmed by TLC. The reaction mixture was then passed over a plug of silica with 
40mL of Et2O, the solvent removed with a rotary evaporator, and the residue placed 
under vacuum (<0.1 torr).  1H NMR analysis of the unpurified product gave the 
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diasteromeric ratio 24:1. The crude product was purified by flash chromatography with 
10% EtOAc/hexanes to give 104 mg (75 %) of the product as a clear oil in 94% ee as 
determined by chiral SFC analysis. 
  Analytical data: [α]D27 -45.9 (c = 0.255, CCl4). IR (thin film, cm-1) 3083, 2988, 
2955, 2876, 2847, 2360, 2333, 1740, 1436, 1264, 1230, 1202, 1156, 1086, 1053, 990, 
930, 879, 807; 1H NMR (400MHz, CDCl3) δ 5.94 (ddd, J = 17.2, 10.4, 7.2 Hz, 1H), 5.30 
(d, J = 17.2 Hz, 1H), 5.19 (d, J = 10.4 Hz, 1H), 4.25 (ddd, J =  Hz, 1H), 4.19 (d, J = 7.2 
Hz, 1H), 3.78 (s, 3H), 3.76 (s, 3H), 2.55 (dd, J = 13.2, 9.2 Hz, 1H), 2.46 (dd, J = 13.2, 6.8 
Hz, 1H), 1.84 (m, 1H) 0.98 (d, J = 4Hz, 3H), 0.97 (d, J = 3.6 Hz, 3H);  13C NMR δ  
170.2, 168.8, 135.9, 115.8, 86.8, 77.0, 61.7, 51.5, 51.2, 40.5, 28.8, 19.1, 17.6; TLC (15% 
Et2O/petroleum ether) Rf 0.20; Anal. Calcd for C13H20O5: C, 60.92; H 7.87. Found: C, 
61.05; H, 7.73. 
 
O
MeO2C
CO2Me LiAlH4
THF, 0 °C to r.t.
O
OHHO
 
(3-Hydroxymethyl-2-isopropyl-5vinyl-tetrahydrofuran-3-yl)-methanol. A stirring 
suspension of LiAlH4 (92 mg, 2.4 mmol, 5.0 equiv) in 8 mL of THF at 0 °C was treated 
with a solution of  (215 mg, 0.49 mmol, 1.0 equiv) in 6 mL of THF via cannula (1 mL 
THF rinse). After addition the reaction was allowed to warm to room temperature with 
stirring. After 45 min, the reaction was quenched with 200 µL H2O, 200 µL of a 15% 
NaOH (aq.) solution, and 450 µL of H2O. The mixture was filtered through a Büchner 
funnel and the filter cake was washed with several portions of Et2O. The filtrate was 
dried over MgSO4, filtered, and concentrated by rotary evaporation to afford 154 mg 
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(92%) of the pure product as a slight yellow oil. This product was converted to the 
benzoyl derivative, and was determined to be 94% ee by chiral SFC analysis. 
Analytical data: IR (thin film, cm-1) 2962, 2952, 2871, 1646, 1470, 1455, 1428, 
1391, 1088, 1042, 990, 924; 1H NMR (400 MHz, CDCl3) δ 5.88 (m, 1H), 5.28 (d, J = 
17.2 Hz, 1H), 5.13 (d, J = 10.4 Hz, 1H),  ; 13C NMR 138.7, 115.8, 88.6, 77.8, 68.7, 66.3, 
51.2, 39.1, 28.6, 20.6, 20.5; TLC (50% EtOAc/hexane) Rf 0.18; MS m/z = 200.1 
 
O
OHHO BzCl
Pyridine (cat.), CH2Cl2
O
OBzBzO
 
A solution of the diol (100 mg, 0.50 mmol, 1.0 equiv) in 5 mL of CH2Cl2 was treated 
with benzoyl chloride (155 mg, 1.1 mmol, 2.2 equiv) and pyridine (396 mg, 5.0 mmol, 10 
equiv). The reaction was stirred at 23 °C for 22 h. The mixture was partitioned between 
15 mL of CH2Cl2 and 10 mL of H2O. After separation, the aqueous layer was extracted 
with 15 mL of CH2Cl2. The combined organic extracts were washed with 15 mL of brine, 
dried over MgSO4, and concentrated by rotary evaporation. The crude product was 
purified by flash chromatography with 10% EtOAc/hexanes to afford 153 mg (75%) of 
the product as a slightly yellow oil in % ee as determined by chiral SFC analysis 
(Chiralpak WO,  0.8% MeOH, 1.0 mL/min, 200 psi, 27 °C, 220 nm, tr-major 50.5 min, tr-
minor  56.4 min).  
Analytical data: IR (thin film, cm-1) 3070, 2962, 2902, 2873, 1721, 1692, 1451, 
1316, 1272, 1109, 1027, 710; 1H NMR (400 MHz, CDCl3) δ 8.04-8.02 (m, 5H), 7.52-
7.42 (m, 5H), 5.97-5.89 (m, 1H), 5.33 (d, J = 17.1 Hz, 1H) 5.17 (d, J = 10.4 Hz, 1H), 
4.62-4.49 (m, 2 H), 4.46-4.38 (m, 3H), 3.57 (d, J = 7.8 Hz, 1H), 2.35 (dd, J = 13.3,  7.5 
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Hz, 1H), 2.06-1.98 (m, 1H), 1.90 (dd, J = 13.3, 8.6 Hz, 1H); 13C NMR (100 MHz, 
CDCl3) δ 166.5, 166.4, 138.3, 133.2, 133.1, 130.2, 129.8, 129.6 (2 overlapping signals), 
128.5 (2 overlapping signals), 166.2, 88.3, 77.5, 67.1, 65.7, 49.1, 40.5, 28.7, 20.8, 20.6; 
TLC (10% EtOAc/hexanes) Rf  0.22; MS m/z = 408.3 
 
 
 
 
 
CO2Bn
CO2Bn
O
O
Sn(OTf)2
CH2Cl2, r.t.
CO2Bn
BnO2C
 
 
 
2-dimethyl-5-vinyl-tetrahyddrofuran-3,3-dicarboxylic acid dibenzyl ester. The title 
compound was prepared according to General Procedure A using 0.024 mmol of 
Sn(OTf)2 (10 mg, 0.10 equiv) and 0.24 mmol of vinyl cyclopropane (80 mg, 1 equiv).  
Outside of the glove box, the vial was placed under an argon atmosphere and charged 
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with 0.6 mL of CH2Cl2 followed by 0.72 mmol of acetone (42 mg, 3 equiv).  The reaction 
was stirred at room temp (23 °C - 29 °C) for 7 hours until the disappearance of starting 
material was confirmed by TLC.  The reaction mixture was then passed over a plug of 
silica with 40 mL of Et2O.  The solvent was removed with a rotary evaporator and the 
residue placed under vacuum (< 0.1 torr).  1H NMR analysis of the unpurified product 
gave the diastereomeric ratio as >100:1. The product was purified by flash 
chromatography, eluting with 10% EtOAc/hexanes to afford 85 (90%) mg of the pure 
tetrahydrofuran as a colorless oil. 
 Analytical data: IR (thin film, cm-1) 3065, 3033, 2980, 2947, 2987, 2359, 2333, 
1740, 1498, 1456, 1367, 1279, 1142, 1100, 1024, 927, 739; 1H NMR (400MHz, CDCl3) 
δ 7.34-7.27 (m, 10H), 5.97 (ddd, J = 17.2, 10, 7.6 Hz, 1H), 5.27-5.10 (m, 6H), 4.65 (q, J 
= 7.6 Hz, 1H), 2.75 (dd, J = 13.6, 8 Hz, 1H), 2.44, (dd, J = 13.6, 7.6 Hz, 1H), 1.36 (d, J = 
10.8 Hz, 6H;)  13C NMR (100 MHz, CDCl3) δ 169.8, 169.7, 140.9, 139.7, 135.6, 135.6, 
129.0, 128.9, 128.8, 128.7, 128.6, 116.8, 84.5, 78.1, 67.7, 67.7, 67.3, 39.6, 26.6, 24.9; 
TLC (10% EtOAc/hexanes) Rf 0.26; Anal. Calcd. for C24H26O5: C, 73.08; H, 6.64. 
Found: C, 73.23; H, 6.69. 
 
 
 
CO2Me
CO2Me
O SnCl4
C7H8, r.t. O
CO2Me
MeO2C
rac-12f
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2-dimethyl-5-vinyl-tetrahydrofuran-3,3-dicarboxylic acid dimethyl ester. The title 
compound was prepared according to General Procedure B using 0.27 mmol of the 
cyclopropane (50 mg, 1 equiv). Outside of the glove box, the vial was placed under an 
argon atmosphere and charged with a solution of 0.054 mmol of SnCl4 (0.10 equiv) in 0.5 
ml of C7H8 followed by 0.06 ml of acetone (47mg, 3 equiv). The reaction was stirred at 
room temperature (23 °C - 29 °C) for 6.5 hours until the disappearance of starting 
material was confirmed by TLC. The reaction mixture was then passed over a plug of 
silica with 40 mL of Et2O, the solvent removed with a rotary evaporator, and the residue 
placed under vacuum (<0.1 torr).  1H NMR analysis of the unpurified product gave the 
diasteromeric ratio >100:1. The crude product was purified by flash chromatography with 
10% EtOAc/Hexanes to give 65 mg (99 %) of the product as a clear oil.  
Analytical data: IR (thin film, cm-1) 3080, 2981,2951, 2887, 2846, 1753, 1645, 
1458, 1259, 1208, 1140, 1101, 1071, 1027, 927; 1H NMR (400MHz, CDCl3) δ 5.98 (ddd, 
J = 17.2, 10, 7.6 Hz, 1H), 5.25, (d, J = 17.2 Hz, 1H),  5.12 (d, J = 10.4 Hz, 1H), 4.27 (q, J 
= 7.6 Hz, 1H) 3.75 (d, J = 3.6 Hz, 6H), 2.70 (dd, J = 14, 8.4 Hz, 1H), 2.39 (dd, J = 13.6, 
7.6 Hz, 1H), 1.36 (d, J = 14 Hz, 6H);  13C NMR(100 MHz, CDCl3) δ 170.54, 170.49, 
139.73, 116.77, 84.34, 77.82, 67.12, 52.91, 52.86, 39.44, 26.58, 24.86; TLC (10% 
EtOAc/hexanes) Rf 0.24; Anal. Calcd. for C12H18O5: C, 59.49; H, 7.49. Found: C, 59.26; 
H, 7.35. 
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CO2Me
CO2Me
Sn(OTf)2
CH2Cl2, r.t.
O
Ph
CO2MeMeO2C
O
H Ph
 
 
 
Dimethyl 2-phenyl-3a,4,5,7a-tetrahydrobenzofuran-3,3(2H)-dicarboxylate. The title 
compound was prepared according to General Procedure A using 0.019 mmol of 
Sn(OTf)2 (7.9 mg, 0.10 equiv) and 0.19 mmol of vinyl cyclopropane (40 mg, 1 equiv).  
Outside of the glove box, the vial was placed under an argon atmosphere and charged 
with 0.5 mL of CH2Cl2 followed by 0.57 mmol of benzaldehyde (61 mg, 3 equiv).  The 
reaction was stirred at room temp (23 °C - 29 °C) for 7 hours until the disappearance of 
starting material was confirmed by TLC.  The reaction mixture was then passed over a 
plug of silica with 40 mL of Et2O.  The solvent was removed with a rotary evaporator and 
the residue placed under vacuum (< 0.1 torr).  1H NMR analysis of the unpurified product 
gave the diastereomeric ratio as >100:1. The product was purified by flash 
chromatography, eluting with 10% EtOAc/hexanes to afford 59 (98%) mg of the pure 
tetrahydrofuran as a white solid. 
Analytical data: IR (thin film, cm-1) 3035, 2951, 2932, 2841, 1731, 1435, 1255, 
1204, 1069, 700; 1H NMR (400MHz, CDCl3) δ 7.3-7.25 (m, 5H), 6.10 (d, J = 10 Hz, 
1H), 5.88 (s, 1H), 5.73 (dd, J = 6.8, 2.8 Hz, 1H), 4.15 (m, 1H), 3.79 (s, 3H), 3.07 (s, 3H), 
2.80-2.74 (ddd, J = 10.8, 10.8, 2.8), 2.39-2.27 (m, 2H), 2.10-2.05 (m, 1H), 1.36 (m, 1H);  
13C NMR (100 MHz, CDCl3) δ 170.65, 169.2, 138.73, 129.40, 128.69, 128.23, 128.08, 
127.78, 86.07, 78.21, 68.00, 52.94, 48.62, 27.03, 22.95; TLC (10% EtOAc/hexanes) Rf 
0.24; Anal. Calcd. for C18H20O5: C, 68.34; H, 6.37. Found: C, 68.10; H, 6.43. 
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O
Ph
CO2MeMeO2C
O
Ph
CO2MeMeO2C
H2/Pd
 
 
Dimethyl 2-phenylhexahydrobenzofuran-3,3(2H)-dicarboxylate. A solution of 0.07 
mmol of the alkene (23 mg, 1 equiv) in EtOAc was prepared in a 25 mL flame-dried flask 
under Ar. 0.007 mmol of 10% palladium on carbon (7.4 mg, 0.10 equiv) was then added 
to the flask under a hydrogen atmosphere and allowed to stir at room temperature. The 
reaction was allowed to stir overnight; the disappearance of starting material was 
confirmed by TLC. The reaction mixture was then passed over a plug of silica with 40 
mL of Et2O.  The solvent was removed with a rotary evaporator and the residue placed 
under vacuum (< 0.1 torr). 70 mg (92%) was isolated and 1H NMR analysis of the 
unpurified product indicated clean conversion to a clear oil.  
 Analytical data: IR (thin film, cm-1) 3031, 2943, 2861, 2344, 1727, 1455, 1436, 
1355, 1283, 1200, 1138, 1129, 1075, 1050, 994, 987, 832; 1H NMR (400MHz, CDCl3) δ 
7.27-7.21 (m, 5H), 5.73 (s, 1H), 3.77 (s, 3H), 3.44 (ddd, J = 10.8, 10.8, 4 Hz, 1H), 3.0 (s, 
3H), 2.45 (ddd, J = 12, 12, 3.2 Hz, 1H), 2.29-2.25 (m, 1H), 2.02-1.983 (m, 1H), 1.90-1.78 
(m, 2H)  1.63-1.50 (m, 1H), 1.40-1.21 (m, 2H), 0.97-0.88 (m, 1H);  13C NMR (100 MHz, 
CDCl3) δ 170.4, 169.0, 138.8, 128.2, 127.8, 127.7, 84.6, 80.5, 68.5, 52.4, 51.7, 50.8, 31.5, 
26.8, 25.6, 23.8; TLC (10% EtOAc/hexanes) Rf 0.28 ; Anal. Calcd. for C18H22O5: C, 
67.91; H, 6.97. Found: C, 67.84; H, 7.06. 
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O Ph
CO2Bn
BnO2C O3, CH2Cl2
SMe2 O
O
Ph
CO2Bn
BnO2C
 
 
2-phenyl-5-formyltetrahydrofuran-3,3-dicarboxylic acid dimethyl ester. To a 
solution of the alkene in 4 ml of CH2Cl2/MeOH (9:1) was bubbled O3 at -78 °C with 
stirring. After 30 minutes, TLC analysis indicated disappearance of starting material and 
the reaction mixture was purged with O2 for 15 minutes. The flask was then fitted with a 
septa and 0.46 mmol of dimethyl sulfide (29 mg, 5 equiv) was added at -78 °C. After the 
addition, the reaction mixture was allowed to warm to room temperature with stirring. 
After 15 hours, a negative ozonide stain test indicated complete conversion. The reaction 
was poured into a separatory funner with saturated NH4Cl (5 mL). The aqueous layer was 
extracted with CH2Cl2 (1 x 5ml) The combined organics were dried with Na2SO4 and the 
solvent was removed with a rotary evaporator and the residue placed under vacuum (< 
0.1 torr).  The product was purified by flash chromatography, eluting with 30% 
EtOAc/petroleum ether to afford 37.5 mg (94%) of the pure tetrahydrofuran as a clear oil. 
Analytical data: IR (thin film, cm-1) 3068, 3035, 2956, 2925, 2894, 2364, 1733, 
1457, 1268; 1H NMR (400MHz, CDCl3) δ 9.91 (s, 1H), 7.50, (d, J = 3.2 Hz, 2H), 7.27-
7.13 (m, 11 H), 6.79 (d, J = 7.6, 2H), 5.71 (s, 1H), 5.10 (q, J = 12.4 Hz, 2H), 4.76 (d, J = 
12 Hz, 1H), 4.44 (dd, J = 9.6, 5.2 Hz, 1H), 4.26 (d, J = 12.4 Hz, 1H), 2.98 (dd, J = 13.6, 4 
Hz, 1H), 2.63 (dd, J = 12.8, 11.2 Hz, 1H);  13C NMR (100 MHz, CDCl3) δ 202.2, 168.9, 
168.4, 136.3, 134.8, 134.3, 128.7, 128.6, 128.6, 128.3, 128.3, 128.2, 128.2, 128.1, 126.8, 
85.0, 80.7, 67.7, 67.6, 64.0, 37.4; TLC (40% EtOAc/hexanes) Rf 0.45; MS m/z = 444.2. 
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CO2Me
CO2Me
O Sn(OTf)2
CH2Cl2, r.t. O
CO2Me
MeO2C
H
MeO MeO
 
 
2-phenyl-5-(4-methoxyphenyltetrahydrofuran)-3,3-dicarboxylic acid dimethyl ester. 
The title compound was prepared according to General Procedure A using 0.014 mmol of 
Sn(OTf)2 (5.9 mg, 0.05 equiv) and 0.28 mmol of vinyl cyclopropane (75 mg, 1 equiv). 
Outside of the glove box, the vial was placed under an argon atmosphere and charged 
with 0.6 mL of CH2Cl2 followed by 0.85 mmol of the aldehyde (90 mg, 3 equiv).  The 
reaction was stirred at room temp (23 °C - 29 °C) for 5 minutes until the disappearance of 
starting material was confirmed by TLC.  The reaction mixture was then passed over a 
plug of silica with 40 mL of Et2O.  The solvent was removed with a rotary evaporator and 
the residue placed under vacuum (< 0.1 torr).  1H NMR analysis of the unpurified product 
gave the diastereomeric ratio as >63:1. The product was purified by flash 
chromatography, eluting with 10% Acetone/petroleum ether to afford 88 mg (85%) of the 
pure tetrahydrofuran as a clear oil. 
Analytical data: IR (thin film, cm-1) 2927, 2865, 1727, 1613, 1515, 1434, 1272, 
1208, 1175, 1090, 1030, 870, 750; 1H NMR (400MHz, CDCl3) δ 7.53-7.50 (m, 4H) 7.35-
7.28 (m, 3H), 6.96 (d, J = 8.4 Hz, 1H) 5.79 (s, 1H) 4.93 (dd, J = 10.4, 6 Hz, 1H) 3.85 (s, 
3H) 3.83 (s, 3H), 3.12, (s, 3H), 3.03 (dd, J = 13.2, 10.8 Hz, 1H), 2.71 (dd, J = 13.6, 6 Hz, 
1H);  13C NMR (100 MHz, CDCl3) δ 171.5, 169.4, 159.6, 137.7, 131.9, 128.1, 128.0, 
127.8, 127.0, 114.0,  84.4, 79.7, 66.3, 55.3, 55.3, 53.0, 52.2, 42.3; TLC (20% 
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EtOAc/hexanes) Rf 0.23; Anal. Calcd. for C21H22O6: C, 68.1; H, 5.99. Found: C, 68.11; 
H, 6.02. 
 
CO2Me
CO2Me
O Sn(OTf)2
CH2Cl2, r.t. O
CO2Me
MeO2C
H
Me Me
 
 
 
2-phenyl-5-(4-methylphenyltetrahydrofuran)-3,3-dicarboxylic acid dimethyl ester. 
The title compound was prepared according to General Procedure A using 0.011 mmol of 
Sn(OTf)2 (4.6 mg, 0.05 equiv) and 0.22 mmol of 2-para-methylphenycyclopropane) 
(55mg, 1 equiv). Outside of the glove box, the vial was placed under an argon 
atmosphere and charged with 0.6 mL of CH2Cl2 followed by 0.67 mmol of the aldehyde 
(71 mg, 3 equiv).  The reaction was stirred at room temp (23 °C - 29 °C) for 1.25 hours 
until the disappearance of starting material was confirmed by TLC.  The reaction mixture 
was then passed over a plug of silica with 40 mL of Et2O.  The solvent was removed with 
a rotary evaporator and the residue placed under vacuum (< 0.1 torr).  1H NMR analysis 
of the unpurified product gave the diastereomeric ratio as >100:1. The product was 
purified by flash chromatography, eluting with 10% Acetone/petroleum ether to afford 47 
mg (60%) of the pure tetrahydrofuran as a clear oil. 
Analytical data: IR (thin film, cm-1) 3004, 2954, 2923, 2873, 2362, 2344, 1733, 
1436, 1272, 1208, 1490, 1505, 870, 750; 1H NMR (400MHz, CDCl3) δ 7.32-7.20 (m, 
9H) 5.78 (s, 1H), 4.92 (dd, J = 10.4, 6 Hz, 1H), 3.82 (s, 1H), 3.09 (s, 1H) 2.99 (dd, J = 
13.6, 6 Hz, 1H) 2.70, (dd, J = 13.6, 6 Hz) ;  13C NMR δ (100 MHz, CDCl3) 171.5, 169.4, 
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137.9, 137.7, 136.8, 129.2, 128.2, 127.8, 127.1, 126.6, 84.4, 79.8, 66.4, 53.0, 52.2, 42.8, 
21.3; TLC (10% Acetone/petroleum ether) Rf 0.25; Anal. Calcd for C21H22O5: C, 71.17 ; 
H, 6.26. Found: C, 71.33; H, 6.36. 
 
CO2Me
CO2Me
O Sn(OTf)2
CH2Cl2, r.t. O
CO2Me
MeO2C
H
Br Br
 
 
 
2-phenyl-5-(4-bromophenyltetrahydrofuran)-3,3-dicarboxylic acid dimethyl ester. 
The title compound was prepared according to General Procedure A using 0.026 mmol of 
Sn(OTf)2 (10.6 mg, 0.10 equiv) and 0.26 mmol of the cyclopropane (80 mg, 1 equiv).  
Outside of the glove box, the vial was placed under an argon atmosphere and charged 
with 0.6 mL of CH2Cl2 followed by 0..77 mmol of the aldehyde (81 mg, 3 equiv).  The 
reaction was stirred at room temp (23 °C - 29 °C) for 25 hours until the disappearance of 
starting material was confirmed by TLC.  The reaction mixture was then passed over a 
plug of silica with 40 mL of Et2O.  The solvent was removed with a rotary evaporator and 
the residue placed under vacuum (< 0.1 torr).  1H NMR analysis of the unpurified product 
gave the diastereomeric ratio as >100:1. The product was purified by flash 
chromatography, eluting with 5% Acetone/petroleum ether to afford 65 mg (61%) of the 
pure tetrahydrofuran as a clear oil. 
 Analytical data: IR (thin film, cm-1) 2954, 2362, 1733, 1490, 1436, 1272, 1210, 
1100, 1010, 990, 765; 1H NMR (400MHz, CDCl3) δ 7.53-7.33 (m, 9H) 5.71 (s, 1H) 3.82 
(s, 3H), 3.16 (s, 3H), 2.97 (dd, J = 13.2, 10.8 Hz, 1H) 2.73 (dd, J = 13.6, 6 Hz, 1H);  13C 
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NMR (100 MHz, CDCl3) δ 171.2, 169.2, 139.0, 137.3, 131.7, 128.3, 128.3, 127.9, 127.0, 
122.0, 84.6, 66.2, 53.1, 52.3, 42.7; TLC (5% Acetone/petroleum ether) Rf 0.22; Anal. 
Calcd. for C20H19BrO5: C, 57.29; H, 4.57. Found: C, 57.51; H, 4.54. 
 
 
CO2Me
CO2Me
O Sn(OTf)2
CH2Cl2, r.t. O
CO2Me
MeO2C
H
AcO AcO
 
 
2-phenyl-5-(4-acetophenyltetrahydrofuran)-3,3-dicarboxylic acid dimethyl ester. 
The title compound was prepared according to General Procedure A using 0.077 mmol of 
Sn(OTf)2 (32 mg, 0.30 equiv) and 0.26 mmol of the cyclopropane (75 mg, 1 equiv).  
Outside of the glove box, the vial was placed under an argon atmosphere and charged 
with 0.6 mL of CH2Cl2 followed by 0.77 mmol of the aldehyde (82 mg, 3 equiv).  The 
reaction was stirred at room temp (23 °C - 29 °C) for 24 hours until the disappearance of 
starting material was confirmed by TLC.  The reaction mixture was then passed over a 
plug of silica with 40 mL of Et2O.  The solvent was removed with a rotary evaporator and 
the residue placed under vacuum (< 0.1 torr).  1H NMR analysis of the unpurified product 
gave the diastereomeric ratio as >100:1. The product was purified by flash 
chromatography, eluting with 20% Acetone/petroleum ether to afford 93 mg (91%) of the 
pure tetrahydrofuran as a clear oil. 
Analytical data: IR (thin film, cm-1) 3037, 3004, 2954, 2894, 2885, 2366, 1733, 
1436, 1214, 1196, 1120, 1030, 1005, 890, 760; 1H NMR (400MHz, CDCl3) δ 7.57-7.12 
(m, 9H), 5.79 (s, 1H), 4.96 (dd, J = 14, 8.4 Hz, 1H) 3.84, (s, 3H), 3.10 (s, 3H), 3.00 (dd, J 
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= 18, 14 Hz, 1H) 2.73 (dd, J = 18, 8.4 Hz, 1H), 2.32 (s, 3H);  13C NMR (100 MHz, 
CDCl3) δ 171.3, 169.5, 169.3, 150.4, 137.5, 137.4, 128.2, 127.9, 127.8, 127, 121.7, 84.5, 
66.3, 53.1, 52.3, 42.8, 21.2; TLC (20% Acetone/petroleum ether) Rf 0.15; Anal. Calcd. 
for C22H22O7: C, 66.32; H, 5.57. Found: C, 66.17; H, 5.56. 
 
 
CO2Me
CO2Me
O Sn(OTf)2
CH2Cl2, r.t. O
CO2Me
MeO2C
H
MeO2C MeO2C
 
 
 
2-phenyl-5-(4-carbomethoxyphenyltetrahydrofuran)-3,3-dicarboxylic acid dimethyl 
ester. The title compound was prepared according to General Procedure A using 0.077 
mmol of Sn(OTf)2 (32 mg, 0.30 equiv) and 0.26 mmol of the cyclopropane (75 mg, 1 
equiv).  Outside of the glove box, the vial was placed under an argon atmosphere and 
charged with 0.6 mL of CH2Cl2 followed by 0.77 mmol of the aldehyde (82 mg, 3 equiv).  
The reaction was stirred at room temp (23 °C - 29 °C) for 24 hours until the 
disappearance of starting material was confirmed by TLC.  The reaction mixture was then 
passed over a plug of silica with 40 mL of Et2O.  The solvent was removed with a rotary 
evaporator and the residue placed under vacuum (< 0.1 torr).  1H NMR analysis of the 
unpurified product gave the diastereomeric ratio as >100:1. The product was purified by 
flash chromatography, eluting with 20% Acetone/petroleum ether to afford 85 mg (83%) 
of the pure tetrahydrofuran as a clear solid. 
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Analytical data for (rac-31e): IR (thin film, cm-1) 3000, 2952, 2900, 2842, 2364, 
1729, 1436, 1277, 1110, 1015, 990; 1H NMR (400MHz, CDCl3) δ 8.05 (d, J = 8 Hz, 2H), 
7.60 (d, J = 8.4 Hz, 2H), 7.47 (d, J = 7.2 Hz, 2H), 7.29 (m, 3H) 5.78 (s, 1H), 5.00 (dd, J = 
10.4, 6.4 Hz, 1H) 3.89 (s, 3H), 3.81 (s, 3H), 3.10 (s, 3H), 2.93 (dd, J = 13.2, 10.4 Hz, 
1H), 2.75 (dd, J = 13.6, 6.4 Hz, 1H);  13C NMR (100 MHz, CDCl3) δ 171.1, 169.0, 
166.8, 145.0, 137.3, 129.8, 128.2,  127.8, 126.9, 126.2, 84.6, 79.2, 66.1, 53.0, 52.2, 52.0, 
42.6; TLC (20% Acetone/petroleum ether) Rf 0.26; Anal. Calcd. for C22H22O7: C, 66.32; 
H, 5.57. Found: C, 66.08; H, 5.57. 
 
CO2Me
CO2Me
O Sn(OTf)2
CH2Cl2, r.t. O
CO2Me
MeO2C
H
MeO MeOOMe OMe
 
 
2,5-(4-dimethoxydiphenyltetrahydrofuran)-3,3-dicarboxylic acid dimethyl ester. The 
title compound was prepared according to General Procedure A using 0.014 mmol of 
Sn(OTf)2 (5.9 mg, 0.05 equiv) and 0.28 mmol of the cyclopropane (75 mg, 1 equiv).  
Outside of the glove box, the vial was placed under an argon atmosphere and charged 
with 0.6 mL of CH2Cl2 followed by 0.84 mmol of the aldehyde (114 mg, 3 equiv).  The 
reaction was stirred at room temp (23 °C - 29 °C) for 5 minutes until the disappearance of 
starting material was confirmed by TLC.  The reaction mixture was then passed over a 
plug of silica with 40 mL of Et2O.  The solvent was removed with a rotary evaporator and 
the residue placed under vacuum (< 0.1 torr).  1H NMR analysis of the unpurified product 
gave the diastereomeric ratio as >100:1. The product was purified by flash 
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chromatography, eluting with 10% Acetone/petroleum ether to afford 101 mg (90%) of 
the pure tetrahydrofuran as a clear oil. 
Analytical data: IR (thin film, cm-1) 3000, 2952, 2836, 2057, 1781, 1727, 1613, 
1513, 1436, 1302, 1173, 1084, 1054, 1032, 836; 1H NMR (400MHz, CDCl3) 7.51 (d, J = 
8.4 Hz, 2H), 7.42 (d, J = 8.8 Hz, 2H), 6.95 (d, J = 8.4 Hz, 2H), 6.86 (d, J = 8.4 Hz, 2H) 
5.74 (s, 1H), 4.90 (dd, J = 10.4, 6 Hz, 1H) 3.84 (s, 6H), 3.80 (s, 3H) 3.20 (s, 3H), 3.00 
(dd, J = 13.2, 10.8 Hz, 1H), 2.69 (dd, J = 13.2, 6 Hz, 1H);  13C NMR (100 MHz, CDCl3) 
δ 171.5, 169.5, 159.6, 159.4, 132.0, 130.0, 127.6, 127.0, 113.9, 113.2, 84.2, 79.5, 66.2, 
55.3, 55.2, 52.9, 52.3, 42.7; TLC (20% EtOAc/hexanes) Rf 0.20; Anal. Calcd. for 
C22H24O7: C, 65.99; H, 6.04. Found: C, 66.05; H, 6.11. 
 
CO2Me
CO2Me
O Sn(OTf)2
CH2Cl2, r.t. O
CO2Me
MeO2C
H
MeO MeONO2
NO2
 
 
2-(4-nitrophenyl)-5-(4-methoxyphenyltetrahydrofuran)-3,3-dicarboxylic acid 
dimethyl ester. The title compound was prepared according to General Procedure A 
using 0.014 mmol of Sn(OTf)2 (5.9 mg, 0.05 equiv) and 0.28 mmol of the cyclopropane 
(75 mg, 1 equiv).  Outside of the glove box, the vial was placed under an argon 
atmosphere and charged with 0.6 mL of CH2Cl2 followed by 0.84 mmol of the aldehyde 
(128 mg, 3 equiv).  The reaction was stirred at room temp (23 °C - 29 °C) for 25 minutes 
until the disappearance of starting material was confirmed by TLC.  The reaction mixture 
was then passed over a plug of silica with 40 mL of Et2O.  The solvent was removed with 
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a rotary evaporator and the residue placed under vacuum (< 0.1 torr).  1H NMR analysis 
of the unpurified product gave the diastereomeric ratio as >83:1. The product was 
purified by flash chromatography, eluting with 10% Acetone/petroleum ether to afford 95 
mg (82%) of the pure tetrahydrofuran as a clear yellow liquid. 
Analytical data: IR (thin film, cm-1) 3002, 2954, 2844, 1733, 1609, 1517, 1436, 
1349, 1250, 1177, 1070, 1059, 1046, 809; 1H NMR (400MHz, CDCl3) δ 8.20 (d, J = 8.4 
Hz, 2H), 7.73 (d, J = 8.4 Hz, 2H), 7.51 (d, J = 8.4 Hz, 2H), 6.98 (d, J = 8.4 Hz, 2H), 5.82 
(s, 1H), 4.97 (dd, J = 10, 6.4 Hz, 1H), 3.88 (s, 3H), 3.86 (s, 3H), 3.18 (s, 3H), 3.06-2.99 
(m, 1H), 2.78 (dd, J = 14, 6.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 171.0, 169.0, 
159.8, 147.7, 145.0, 131.2, 128.1, 128.0, 123.0, 114.1, 83.3, 80.2, 66.3, 55.3, 53.2, 52.4, 
42.7; TLC (20% EtOAc/hexanes) Rf 0.19; Anal. Calcd. for C21H21NO8: C, 60.72; H, 
5.10. Found: C, 61.00; H, 5.16. 
 
 
 
CO2Me
CO2Me
AcO
MeO2C CO2Me
N2
OAc
Rh2(OAc)4
CH2Cl2
 
 
2-(4-acetophenylcyclopropane)-1,1-dicarboxylic acid dimethyl ester. The styrene  (5.7 
mmol, 925 mg, 3 equiv) and 0.019 mmol of Rh2(OAc)4 (8.4 mg, 0.01 equiv) were added 
to a flask with stirring in 5 mL of CH2Cl2. The diazo compound (1. 9 mmol, 300 mg, 1 
equiv) was then added dropwise and allowed to stir at room temperature under Ar. After 
7 hours, the reaction was run through a plug of silica with hexanes and concentrated via 
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rotary evaporation. 342 mg (62%) of the product was isolated via flash chromatography 
with 30% Acetone/hexanes as a clear oil.  
Analytical data: IR (thin film, cm-1) 3008, 2954, 1767, 1721, 1511, 1436, 1370, 
1277, 1019; 1H NMR (400 MHz, CDCl3) δ 7.20 (d, J = 8.4 Hz, 2H), 7.00 (d, J = 8.4 Hz, 
2H), 3.78 (s, 3H), 3.37 (s, 3H),  3.21 (t, J = 8.4 Hz, 1H), 2.27 (s, 3H), 2.17 (dd, J = 7.2, 
5.6 Hz, 1H) 1.74 (dd, J = 9.2, 5.2 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 170.1, 169.2, 
166.9, 150.0, 132.2, 129.5, 121.3, 52.8, 52.3, 37.2, 31.9, 21.1, 19.2; TLC (20% 
EtOAc/hexanes) Rf  0.30; Anal. Calcd. for C15H16O6: C, 61.64; H, 5.52. Found: C, 61.78; 
H, 5.60. 
 
MeO2C CO2Me O
S
I NaH
DMF
CO2Me
CO2Me
 
2-(1,1-dimethylvinylcyclopropane)-1,1-dicarboxylic acid dimethyl ester. NaH was 
added to a flask with 55 mL of DMF with stirring under Ar. To this mixture, 
trimethylsulfoxonium iodide was added in one portion. A frothy mixture developed in the 
reaction flask and stirring was continued for 45 minutes. The diester was then added to 
the rxn flask in 20 ml of DMF. The reaction was stirred under Ar for 2 hours after which 
disappearance of starting material was confirmed by TLC. The reaction was poured into 
40 ml of 10% HCl over ice. It was then extracted once with 80 mL of diethyl ether and 
three more times with 40 mL of diethyl ether. The combined organics were then washed 
with H2O (4 x 60 mL), dried over MgSO4, concentrated by rotary evaporation and the 
residue placed under vacuum (< 0.1 torr). The product was purified by flash 
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chromatography, eluting with 10% EtOAc/petroleum ether to afford 1.5 g (24 %) of the 
pure cyclopropane as a clear oil. 
Analytical data: IR (thin film, cm-1) 2997, 2954, 2921, 2861, 1725, 1437, 1331, 
1279, 1214, 1131; 1H NMR (400 MHz, CDCl3) δ 5.30 (q, J = 8.8 Hz, 1H,) 3.74 (s, 3H), 
3.66 (s, 3H), 2.52 (t, J = 11.6 Hz, 1H), 1.89 (dd, J = 10.8, 6.4 Hz, 1H), 1.66 (s, 3H), 1.57 
(d, J = 9.2 Hz, 3H), 1.44 (dd, J = 11.6, 6.4 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 
208.2, 173.1, 134.0, 117.7, 88.5, 80.8, 69.4, 53.9, 51.3, 41.5, 30.3, 23.0, 22.3, 20.3, 19.9; 
TLC (20% EtOAc/hexanes) Rf 0.33; Anal. Calcd. for C11H16O4: C, 62.25; H, 7.60. 
Found: C, 62.49; H, 7.64. 
 
CO2Me
MeO2C CO2Me O
S
I NaH
DMF
CO2Me
CO2Me
MeO2C
 
2-(4-carbomethoxyphenylcyclopropane)-1,1-dicarboxylic acid dimethyl ester. 
NaH was added to a flask with 25 mL of DMF with stirring under Ar. To this mixture, 
trimethylsulfoxonium iodide was added in one portion. A frothy mixture developed in the 
reaction flask and stirring was continued for 45 minutes. The diester was then added to 
the rxn flask in 10 ml of DMF. The reaction was stirred under Ar for 2 hours after which 
disappearance of starting material was confirmed by TLC. The reaction was poured into 
20 ml of 10% HCl over ice. It was then extracted once with 40 mL of diethyl ether and 
three more times with 20 mL of diethyl ether. The combined organics were then washed 
four times with 30 mL of H2O, dried over MgSO4, concentrated by rotary evaporation 
and the residue placed under vacuum (< 0.1 torr). The product was purified by flash 
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chromatography, eluting with 30% Acetone/hexanes to afford 1.8 g (67 %) of the pure 
cyclopropane as a white solid.  
Analytical data: IR (thin film, cm-1) 1725, 1437, 1279, 1219, 1133, 1113; 1H 
NMR (400 MHz, CDCl3) δ 7.94 (d, J = 8 Hz, 2H), 7.25 (d, J = 8 Hz, 2H), 3.89 (s, 3H), 
3.79 (s, 3H), 3.36 (s, 3H), 3.24 (t, J = 8.4 Hz, 1H), 2.22 (dd, J = 8, 5.6 Hz, 1H), 1.78 (dd, 
J = 9.2, 5.6 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 169.9, 166.7, 166.7, 140.0, 129.4, 
129.2, 128.4, 52.9, 52.3, 52.1, 37.5, 32.1, 19.2; TLC (20% EtOAc/hexanes) Rf 0.18; 
Anal. Calcd. for C15H16O6: C, 61.64; H, 5.52. Found: C, 61.71; H, 5.63. 
 
 
 
OH
N
H
N
COOH
COOH
acetone
r.t.
cinchonidine salt
 
 
 
10 g of the diacid (62.4 mmol, 1 equiv) was dissolved in 85 mL of acetone at room 
temperature and allowed to stir for a few minutes. Cinchonidine (62.4 mmol, 18.37g, 1 
equiv) was then added with stirring. The solution became a clear yellow and with 
continued stirring a white precipitate crashed out of solution. The precipitate was filtered 
and washed with small portions of Et2O. The material was further dried under vacuum. 
The salt was then recrystallized from ethanol.  After six recrystallizations the salt was 
obtained in 98% ee, (6%) as indicated by converting the salt to the following 
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enantioenriched vinyl cyclopropane. Filtering was performed as necessary during the 
recrystallization process.  
 
cinchonidine salt CH3I
K2CO3
DMF
16 h
CO2Me
CO2Me
 
 
A flame dried flask containing a magnetic stir bar was purged with Ar and charged with 2 
g of the cyclopropane salt (4.4 mmol, 1 equiv), potassium carbonate (9.7 mmol, 1.3 g, 2.2 
equiv) and dry DMF (12 mL). The mixture was allowed to stir for 30 minutes under Ar. 
The reaction mixture was then charged with iodomethane (22 mmol, 3.1g, 5 equiv) and 
was allowed to proceed under Ar. After 16 h ,the reaction was quenched with H2O (25 
mL). The solution was extracted with CH2Cl2 (3 x 85 mL). The combined organic 
extracts were washed with H2O (3 x 85 mL), brine (1 x 85 mL), and dried over sodium 
sulfate. After rotary evaporation 608 mg (75%) of the cyclopropane was obtained as a 
yellow oil. Care must be taken if material is dried in vacuo as the material is very volatile 
and solvent removal is not trivial.  
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CHAPTER 3 
 
TOTAL SYNTHESIS OF (+)-VIRGATUSIN VIA ALCL3-CATALYZED [3 + 2] 
CYCLOADDITION 
 
3.1 Introduction 
Lignans and neolignans are a large group of plant derived natural products.1 
These polyphenolic units have a linkage at the C8 and C8’ bond. A subgroup of this class 
also contains an ether linkage and is referred to as furanolignans or 2,5-diaryl 
tetrahydrofurans (Figure 3-1). Virgatusin2 (1) and talaumidin3 (2) are representatives of 
the 2,5-diaryl-3,4-disubstituted furanolignans.  
 
Figure 3-1. Virgatusin and Talaumidin Structures 
 
 
As shown, these compounds generally differ in the substitution at the 9 and 9’-
positions as well as the different nature of the aromatic ether substitutents. The 
stereochemistry of the four contiguous stereocenters also varies widely (absolute and 
relative).  Virgatusin belongs to the cis, trans, trans diastereoisomeric class of 
furanolignans and talaumidin the all trans class. These are the two most populous classes 
of furanolignans. (-)-Virgatusin was first isolated in 1996 by Chen and coworkers from 
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the extract of Phyllanthus virgatus. Recent studies have revealed antibacterial and 
antifungal activity for virgatusin and its derivatives.4-7 
 
3.2 Background 
To date, five groups have reported total syntheses of virgatusin. The first 
synthesis of (-)-virgatusin was completed by Yoda in 1999.8 This synthesis introduced 
the stereochemistry of the virgatusin core in a stepwise manner with the last stereocenter 
being made in a key Lewis acid-promoted deoxygenation of an intermediate cyclic 
hemiacetal (eq 1). To begin the synthesis, γ-lactone 5 (prepared in 5 steps from dihydroxy 
acetone dimer)9 is resolved from (R)-(+)-α-methylbenzylamine. It was carried on to 
dibenzyloxylactone 6, which underwent aminolysis to form amide 7 (Scheme 3-1). 
Subsequently, the 3,4-methylenedioxy aryl group was subsequently added via 
nucleophilic addition.  Cyclization of 8 ensued upon treatment with p-TSOH to provide 
lactone 9. The 3,4-dimethoxy aryl group was also added via a nucleophilic addition to 
give key hemiacetal intermediate 3. Treatment with TiCl4 and Et3SiH at -78 °C led to 
selective formation of the benzylated virgatusin derivative 4. Hydrogenolysis to the diol 
and methylation gave (−)-virgatusin.  
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Scheme 3-1. Yoda’s Synthesis of (−)-Virgatusin  
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The second synthesis was demonstrated in 2005 by Yamauchi and coworkers.10 
Like Yoda’s synthesis, the key step relied on reduction of a hemiacetal intermediate, but 
in this case the benzylic position was stereodefined. For the synthesis, 11 was prepared 
by an Evans aldol followed by triisopropylsilyl (TIPS) protection (Scheme 3-2). Removal 
of the auxiliary was followed by oxidative cleavage of olefin 12 to a hemiacetal. Lactone 
13 was formed after pyridinium chlorochromate (PCC) oxidation. An aldol reaction 
between the lactone and piperonal furnished the hydroxyl lactone 14 with 9:1 
diastereoselectivity. After reduction of the lactone and protection of the primary alcohols, 
secondary alcohol 15 was converted to key hemiacetal 16 with tetra-n-butylammonium 
fluoride and acetic acid in an 87% yield. The hemiacetal was obtained as a single 
stereoisomer, but the stereochemistry at the C7 position could not be determined. 
Conversion of the hemiacetal to the tetrahydrofuran was not observed with TiCl4 and 
Et3SiH as in Yoda’s synthesis, but hydrogenolysis with palladium on carbon (Pd/C) led to 
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clean reduction of the hemiacetal.  Subsequent deprotection and methylation gave (−)-1. 
(+)-Virgatusin was also synthesized from (S)-acyl oxazolidinone and 3,4-
dimethoxybenzaldehyde through the same procedure. 
 
Scheme 3-2. Yamauchi Synthesis of (-)-Virgatusin 
 
Marsden has completed a synthesis of (+)-virgatusin.  His group relied on the 
condensation of substituted allylsiloxanes with aldehydes to form the tetrahydrofuran 
core (Scheme 3-3).11 The proposed mechanism for this step involves partial acetilization 
of the aldehyde by the silyl ether to form oxonium ion 18 followed by an intramolecular 
 91
Sakurai reaction to close the ring. Cyclic allylsilanes 24 were prepared by a ring closing 
metathesis of allyldimethylsilyl protected homoallylic alcohols (Scheme 3-4). 
Condensation of the allysilane with piperonal gave 25 in a 91:9 ratio of diastereomers. 
Conversion of the olefin to the aldehyde followed by reductive cleavage of the 
oxazolidinone with concomitant reduction of the aldehyde gave the diol derivative of 
virgatusin which was again methylated to give (+)-virgatusin. The diastereomeric 
tetrahydrofurans in the cyclization are possibly formed through a Lewis acid mediated 
epimerization of a stabilized benzylic cation 20 to give the more stable all-trans isomer 
21 as the minor product (Scheme 3-3). 
 
Scheme 3-3. Synthesis of Tetrahydrofuran Core via Condensation of Allylsilanes and 
Aldehydes and Possible Isomerization Mechanism 
 
 
 
Scheme 3-4. Marsden’s Synthesis of (+)-Virgatusin 
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In the Ghosh synthesis the key step is an aldol reaction of an ester enolate 
containing an α-chiral center.12 As shown, enolate addition to veratraldehyde produces 27 
as the major isomer with three of the four stereocenters set in the desired arrangement 
(Scheme 3-5). The aldol gives a mixture of three diastereomers in a 14:1.5:1 ratio. The 
mixture was converted to acetal 28 over two steps. The next steps are similar to those 
described previously to convert the vinyl and carboethoxy groups to hydroxyl groups 
which are then subjected to methylation conditions. At this point the diastereomeric 
mixture was separated and advanced to lactone 31. Nucleophilic addition of the 
methylenedioxy aryl group produces hemiacetal 32. Yamauchi’s hydrogenolysis 
conditions yielded (−)-virgatusin. 
 
Scheme 3-5. Ghosh Synthesis of (-)-Virgatusin 
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The Brun13 synthesis relies on two key steps, each forming two of the four 
requisite stereocenters. The first is a radical oxidative addition of β-oxoesters onto N-
cinnamoyloxazolidones to give 2,3-dihydrofuran 35 and the second is a stereoselective 
reduction of the 2,3-dihydrofuran to give 36 (Scheme 3-6). The manganese promoted 
radical addition is stereochemically controlled by the chiral oxazolidinone auxiliary. 
Cleavage of the auxiliary is followed by ester reduction and methylation to give (-)-
virgatusin.  
 
Scheme 3-6. Brun Synthesis of (-)-Virgatusin 
 
 
 Our group has shown the concise synthesis of 2,5-cis-disubstituted 
tetrahydrofurans (Chapter 2 ).14-17 There is some evidence from these studies that the 
scope of this reaction can be extended to more highly substituted tetrahydrofurans in a 
selective fashion.16 The virgatusin core displays four continguous stereocenters that could 
be targeted in the [3 + 2] cycloaddition. The cis-2,5 stereochemistry has been established, 
but the stereochemical elements at C3 and C4 have not been fully evaluated in this 
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reaction. Our initial retrosynthetic analysis aimed to synthesize virgatusin in four steps 
from cyclopropane 40 (Scheme 3-7). In a forward sense, the cycloaddition would be 
followed by decarboxylation, reduction of the esters to a diol, and finally methylation.  
 
Scheme 3-7. Retrosynthetic Analysis of Virgatusin 
 
 
3.3 Results and Discussion 
To begin our synthesis, the D-A cyclopropane synthesis was tackled. D-A 
cyclopropanes with this substitution pattern are known in the literature. Condensation of 
methyl sodiomalonate with a dibromohydrocinnamate derivative did not yield the desired 
double-elimination product.18 A rhodium or copper catalyzed decomposition of diazo 
compounds was also attempted without success.19 The method that showed the most 
promise was a Corey-Chaykovsky cyclopropanation involving sulfonium ylides.20, 21 
Reaction of ethyl diethylsulfuranylidene acetate (EDSA) with enones containing two 
activating groups has led to formation of cyclopropane products.21 Initial reactions to 
form the desired cyclopropane revealed product formation with incomplete conversion of 
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the starting material. It was important to find conditions that allowed the 
cyclopropanation to proceed to complete conversion as the alkylidene malonate and the 
cyclopropane were very difficult to separate when conversion was less than 100%. A 
balance had to be developed that also allowed for minimal decomposition of EDSA. 
EDSA was typically generated in situ at low temperatures or room temperature followed 
by addition of the alkylidene malonate at room temperature. After addition of the 
alkylidene the reactions were heated as needed to force conversion of the starting 
materials. The conditions in entry 6 gave the best results with a 95 % yield of 45 using 
1.5 equivalents of the sulfonium salt (Table 3-1).  
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Table 3-1. Optimization of Conditions for D-A Cyclopropane 45 Synthesis 
 
Entry Solvent Temperature Time Result 
1 C7H8 0 °C to rt 24h sm remaining 
2 C7H8 -78 to rt 24h sm remaining 
3 C7H8 rt 24h sm remaining 
4 C7H8 rt to 45  °C 24h sm remaining 
5 C7H8 rt to reflux 24h sm remaining 
6 C7H8/CH2Cl2 0 °C to 45 °C 5h 95 % 
7 CH2Cl2 rt 24h 87% 
8 CH2Cl2 0 °C to reflux 8h 93% 
 
 
After conditions for the cyclopropanation were established, the [3 + 2] 
cycloaddition was attempted. Initially we observed that the cycloaddition was not general 
with respect to the Lewis acids that were able to promote the reaction (Table 3-2). AlCl3 
gave the most promising results in the cycloaddition. The reaction was then optimized 
with respect to the equivalents of aldehyde, AlCl3, and temperature. Unidentified 
cyclopropane decomposition accounted for the material balance in most of these 
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reactions. Under the optimized conditions, the cycloaddition proceeded in 80% yield with 
two equivalents of the aldehyde and 15 mol % AlCl3 at room temperature. 
 
 
Table 3-2. Lewis Acid Screen in [3 + 2] Cycloaddition 
 
L.A.  (mol %) Result  L.A. (mol %) Result  
Sn(OTf)2 (10) Starting material  ZnCl2 (30) Starting material 
Sn(OTf)2 (30) Starting material  MgI2 (30) Starting material 
ZnCl2 (50) Starting material  AlCl3 (200) Full conversion 
Hf(OTf)4 (30) Decomposition  AlCl3 (10) Full conversion 
SnCl4 (100) Decomposition  Sc(OTf)3 (30) Trace product 
SnCl4 (300) Decomposition  Yb(OTf)3 (30) Starting material 
SnCl4 (600) Decomposition  Ce(OTf)3 (30) Starting material 
SnCl4 (30) Trace product  Cu(OTf)2 (30) Trace product 
SnCl2 (200) Starting material  AgNTf2 (30) Trace product 
SnCl2 (400) Starting material  Dy(OTf) (30) Starting material 
Er(OTf) (30) Starting material  Ho(OTf)3 (30) Starting material 
Zn(OTf)2 (30) Starting material  InCl3 (50) Starting material 
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  With conditions in hand to prepare cycloadduct 46, the next synthetic step was 
decarboxylation to prepare the resultant diester.22 Since one face of the tetrahydrofuran 
was more sterically hindered, we hoped that the protonation step would occur selectively 
on the more hindered face of the cycloadduct in order to minimize further steric 
interactions of the remaining ester (Scheme 3-8). A variety of salts were used to facilitate 
the decarboxylation; however, the reactions did not proceed in good yields and showed 
little to no diastereroselectivity. 
 
Scheme 3-8. Selective Protonation in Krapcho Decarboxylation 
 
 
We thought the decarboxylation would be more facile if we saponified the ester 
groups beforehand. This could possibly set up a directed protonation from the vicinal  
acid. Although several bases were employed under variable reaction conditions, the 
triacid derived from 46 could not be obtained in high yields. Small amounts of material 
that corresponded to the desired product could be isolated cleanly but the major 
component of many of the reactions contained a mixture of diacid, triacid, and 
decomposed material.   We chose not to pursue this route since it was difficult to obtain 
the desired triacid cleanly. As the decarboxylation was problematic with the initial 
system that we had chosen, we decided to investigate the use of other ester groups on the 
substituted tetrahydrofuran. To accomplish this we made a variety of D-A cyclopropanes 
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(Figure 3-2). The aryl group on the D-A cyclopropanes was varied between the 
dimethoxybenzene and the methylenedioxy substituents.  
 
 
Figure 3-2. Cyclopropanes Prepared via Corey-Chaykovsky Reactions 
 
 
Conditions for the Corey-Chaykovsky reaction were optimized for each 
cyclopropane and the cycloaddition was performed to produce the corresponding 
tetrahydrofurans.  These cycloadducts were subjected to a variety of decarboxylation 
conditions. The results from these experiments offered little direction. The reactions were 
very messy and generally showed little to no selectivity with a short screen of salts. We 
elected to perform a hydrogenolysis on the benzyl esters to attempt a directed protonation 
of the decarboxylation intermediate. After this manipulation, another short salt screen 
was performed in which tetrahydrofuran acid 52 derived from cyclopropane 51 showed 
modest selectivity in the decarboxylation. The conditions were optimized for this 
tetrahydrofuan derivative (Table 3-3).  KOAc (2.0 equiv) was found to work the best 
under the optimized conditions (100 °C, DMSO/H2O) giving a dr of >20:1.  
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Table 3-3. Screen of Salts for Krapcho Decarboxylation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Entry Salt dr Entry Salt dr 
1 LiF 3:1 11 KCl 3:1 
2 LiCN 1:1 12 KF 3.6:1 
3 NaCN - 13 KFa  8:1 
4 NaI 3:1 14 LiBr 6:1 
5 LiCl 3:1 15 NaBr 6:1 
6 NaF 3.6:1 16 KBr 7:1 
7 CsOAc 12:1 17 KCN 1:1 
8 NaOAc 5:1 18 LiClO4 8:1 
9 NaOAca 7:1 19 KOAc 11:1 
10 KI 4:1 20 KOAcb >20:1 
aReaction performed at 80 °C. bReaction performed at 100 °C.  
O
MeO2C
COOH
O
OMeO
MeO
MeO2C
salt
DMSO/H2O
110 °C
O
COOH
O
OMeO
MeO
MeO2C
52 53
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Concurrent with our decarboxylation studies, we undertook studies to determine 
the relative configurations of the cycloadducts being produced. Although cyclopropane 
49 did not have the substitution pattern prescribed in the retrosynthetic plan from Scheme 
3-7, its cycloaddition with piperonal and subsequent structural determination illuminated 
an unexpected outcome that necessitated revision of the retrosynthetic plan (eq 3). A 
single crystal X-ray diffraction study of the tetrahydrofuran revealed a trans relationship 
between the C4 and C5 positions (Figure 3-3). The stereochemical result did not match 
the diastereomer we had imagined would be formed in the cycloaddition; however, this 
outcome could still potentially be applicable to virgatusin as illustrated in an updated 
retrosynthetic plan (Scheme 3-9). The aryl groups on the D-A cyclopropane and 
aldehyde are switched compared to the initial retrosynthetic analysis (Scheme 3-7) to 
accommodate the unexpected stereochemical outcome revealed in Figure 3-3. 
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Figure 3-3. Single Crystal X-Ray  
 
 
Scheme 3-9. Revised Retrosynthetic Analysis 
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Using the optimized cycloaddition partners, cycloadduct 55 was obtained in 80% 
yield as one diastereomer (Scheme 3-10). Hydrogenolysis with palladium on carbon 
yielded the acid derivative in 99% yield. The acid was decarboxylated to give 57 in 72% 
yield.  With 57 in hand, the known diol was made via a LiAlH4 reduction. Subsequent 
methylation with CH3I produced virgatusin in five steps from cyclopropane 56. The 
spectroscopic and analytical data matched that of the known compound.  
 
Scheme 3-10. Diastereoselective Synthesis of (+)-Virgatusin 
 
 
3.3.1 Mechanistic Analysis 
 
Mechanistic studies for the [3 + 2] cycloaddition have provided evidence for a 
stereospecific nucleophilic substitution mechanism wherein the aldehyde acts as a 
nucleophile toward a configurationally stable intimate ion pair in a process that proceeds 
with inversion at the cyclopropane donor site (Chapter 2); however, the conversion from 
56 to 55 in the present study proceeds with retention at C3 of the cyclopropane. To probe 
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the origin of 55 we examined the chemistry of tetrahydrofuran 58 which arises from a 
moderate-yielding [3 + 2] cycloaddition of 56 and piperonal using SnCl4 as the Lewis 
acid (eq 3). The substituents at C4´ and C5´ of this diastereomer possess the cis 
relationship that would be expected from the nucleophilic substitution mechanism. Upon 
exposure to AlCl3 in CH2Cl2, tetrahydrofuran 58 was converted to 55 (C4´/C5´−trans) 
along with piperonal and cyclopropane-derived decomposition products (Scheme 3-11). 
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If 58 is formed initially in the AlCl3-catalyzed cycloaddition it is conceivable that 
further association with the AlCl3 isomerizes the product to the observed diastereomer. A 
possible mechanism involves AlCl3 binding with the ether of the tetrahydrofuran ring 
causing reversible ring cleavage at both C2´ and C5´ (Scheme 3-11). The resultant 
carbenium ions 59 and 60 are stabilized by the strongly electron releasing aryl groups and 
isomerizations of this type are precedented.11,16,23-24 The appearance of piperonal (A) but 
not veratraldehyde in the reaction of 58 and AlCl3 may be understood in terms of the 
relative facility of retro-aldolization of intermediates 59 and 60. It is apparent that C4´ is 
the only nonepimerizable stereocenter and acts as the keystone that regulates the C2´/C5´ 
stereochemical outcome via what is apparently thermodynamic control. Our data do not 
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exclude pre-cycloaddition isomerization of trans-56 to cis-56 and subsequent 
stereospecific cycloaddition via the established nucleophilic substitution pathway; 
however, efforts to induce such an isomerization have yielded no evidence of cis-56. 
 
Scheme 3-11. Isomerization Mechanism 
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3.3.2 Asymmetric Synthesis 
 
In addition to the diastereoselective synthesis, we wanted to develop an 
asymmetric synthesis of virgatusin. Attempts to synthesize the desired cyclopropane via 
an asymmetric Corey-Chaykovsky showed little promise. We eventually prepared the 
enantioenriched cyclopropane in a three-step process starting from Wang’s 
organocatalytic cascade Michael-alkylation reaction (eq 3).25  
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The mechanism for formation of the cyclopropane employs the ambiphilic nature 
of the bromomalonate. Initially the diphenylprolinol TMS ether and the aldehyde 
combine to form an iminium ion which allows for re face attack of the enol (Scheme 3-
12). The nucleophilic enamine then performs an alkylation of the malonate with 
expulsion of bromide. The authors also noted the formation of a cyclopropane ring-
opened product 65 presumably arising from deprotonation of the enamine and a retro-
Michael (Scheme 3-12). The authors were able to limit the by-product formation under 
the optimized conditions. For our substrate we observed racemization of the formyl 
cyclopropane upon column chromatography. In order to avoid this purification step, we 
optimized the cyclopropanation to avoid the considerable by-product formation; however, 
under the optimal conditions employing 30 mol% catalyst and ethanol, the enantiomeric 
ratio was limited to 90:10 for our substrate.  The enriched material was carried through to 
the cycloaddition and the cycloadduct (2S,4S,5S)-55  was obtained with an er of 99:1 
after a single recrystallization. This synthesis was completed as outlined in Scheme 3-13 
to give (+)-virgatusin.  
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Scheme 3-12. Organocatalytic Cascade Michael-alkylation Mechanism and Retro-
Michael Reaction 
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Scheme 3-13. (+)-Virgatusin Synthesis 
 
 
 
3.4 Conclusion 
 We have demonstrated that the [3 + 2] cyclopropane/aldehyde cycloaddition 
previously developed in our laboratory can be used to synthesize more complex 
tetrahydrofuran derivatives such as virgatusin. The cycloaddition and decarboxylation 
can both be achieved in >20:1 diastereoselection in good yields. Moreover, a short 
isomerization study has suggested that it is possible that the cycloaddition proceeds 
through the established nucleophilic substitiution pathway and is subsequently 
isomerized to the observed product. This synthesis is straightforward and should be 
amenable to other members of the furanolignan family of natural products.  
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3.5 Experimental  
Infrared (IR) spectra were obtained using a JACSO FT/IR 460-plus infrared 
spectrometer.  Proton and carbon nuclear magnetic resonance spectra (1H and 13C NMR) 
were recorded on the following instruments: Bruker model Avance 400 (1H NMR at 400 
MHz and 13C NMR at 100 MHz) and Varian Gemini 300 (1H NMR at 300 MHz and 13C 
at 75 MHz) spectrometers with solvent resonance as the internal standard (1H NMR: 
CDCl3 at 7.27 ppm or TMS at 0.00 ppm and 13C NMR: CDCl3 at 77.0 ppm).  1H NMR 
data are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, dd = 
doublet of doublets, ddd = doublet of doublet of doublets, dddd = doublet of doublet of 
doublet of doublets, t = triplet, q = quartet, quint = quintuplet, sep = septet, m = 
multiplet), coupling constants (Hz), and integration. Combustion analyses were 
performed by Atlantic Microlab Inc., Norcross, GA.  Analytical thin layer 
chromatography (TLC) was performed on Whatman 0.25 mm silica gel 60 plates. Mass 
spectra were obtained on a Micromass Quattro II Triple Quadrupole Spectrometer using 
ESI ionization. Structural assignments were made using NOESY experiments. 
Enantiomeric ratios were obtained using a Berger Supercritical fluid Chromatograph 
mode FCM 1100/1200 equipped  with an Agilent 1100 series UV-Vis detector using one 
of the following chiral HPLC columsn: Chiralcel Chiralpak AD, WO, or OD column. 
Samples were eluted with SFC grade CO2 and the indicated percentage of MeOH. 
Visualization was accomplished with UV light and aqueous ceric ammonium nitrate 
molybdate solution followed by heating.  Purification of the reaction products was carried 
out by flash chromatography using Sorbent Technologies silica gel 60 (32-63 µm). Yield 
refers to isolated yield of analytically pure material. Yields are reported for a specific 
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experiment and as a result may differ slightly from those found in the tables and 
equations, which are averages of at least two experiments. Methylene chloride, THF, and 
toluene were dried by passage through a column of neutral alumina under nitrogen prior 
to use. Unless otherwise noted, reagents were obtained from commercial sources and 
used without further purification. 
 
 
 
(2-benzyloxy)-2-oxoethyl)dimethylsulfonium bromide: Benzylbromoacetate (30.00 g, 
131 mmol)  was stirred with dimethyl sulfide (9.76 g,  157.2 mmol)  in 10 mL of acetone. 
The reaction was allowed to stir overnight. During the course of the reaction small 
portions of acetone were added to aid in stirring the white precipitate that is formed. An 
ice bath can be used if the product does not fully precipitate. The mixture was filtered and 
the white solid was washed with cold hexanes to obtain 29.7 g (78%) of the 
dimethylsulfonium bromide. The filtrate can be concentrated to obtain more material if 
desired. 
Analytical data: mp 94-95 °C; IR (thin film, cm-1) 2970, 2723, 1719, 1459, 1377, 1156;  
1H NMR (400 MHz, CDCl3) δ 7.34 (s, 5H), 5.26 (s, 2H), 5.19 (s, 2H), 3.37 (s, 6H);  13C 
NMR (100 MHz, CDCl3) δ 164.4, 134.0, 129.0, 128.8, 128.7, 128.6, 68.9, 44.3, 25.3; 
Anal. Calcd. for C11H15BrO2S: C, 45.37; H, 5.19. Found: C, 45.23; H, 5.13; HRMS 
(ESI) calcd. for C11H15O2S [M]+  : 211.0787. Found  [M]+ = 211.0777. 
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Dibenzyl 2-(3,4-dimethoxybenzylidene)malonate: A 250 mL round-bottomed flask 
equipped with a Dean-stark trap, condenser, and stirbar was charged with benzene (45 
mL),  dibenzyl malonate (14 g, 49.2 mmol), 3,4-dimethoxybenzaldehyde (9.82 g, 59.1 
mmol), and 5 mol % piperidinium acetate. The mixture was brought to reflux and 
allowed to stir for 16 hours upon which TLC analysis showed disappearance of starting 
material. The reaction was allowed to cool to room temperature. The clear orange liquid 
was diluted with 20 mL of C6H6 and washed twice with 1 M HCl (25mL). The organic 
layer was washed once with saturated NaHCO3 (20 mL) and once with brine (30 mL). 
The organic portion was dried over Na2SO4, filtered, and concentrated to an orange oil. 
The material formed a solid upon standing and was recrystallized with EtOAc/hexanes to 
yield 16.6 g (78%) of the benzylidene malonate. 
Analytical data: mp 74-75 °C; IR (thin film, cm-1) 2957, 2838, 1729, 1517, 1255, 1226, 
1191, 1144; 1H NMR (400 MHz, CDCl3) δ 7.73 (s, 1H), 7.36-7.27 (m, 10H), 7.02-6.99 
(m, 2H), 6.75 (d, J = 8.4 Hz, 1H), 5.29 (d, J = 10.8 Hz), 3.90 (s, 3H), 3.75 (s, 3H); 13C 
NMR (100 MHz, CDCl3) δ 166.9, 164.2, 151.5, 149.0, 143.1, 135.7, 135.1, 128.6, 128.5, 
128.4, 128.2, 128.0, 125.5, 124.3, 123.3, 112.0, 111.1, 67.4, 55.9, 55.8; TLC (30% 
EtOAc/hexanes) Rf 0.31; Anal. Calcd. for C26H24O6; C, 72.21; H, 5.59. Found: C, 71.97; 
H, 5.61; HRMS (ESI) calculated for C26H24O6Cs [M+Cs]+ : 565.0627. Found: [M+Cs]+ 
= 565.0651.   
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Dimethyl 2-(3,4-dimethoxybenzylidene)malonate: A 250 mL round bottomed flask 
equipped with a Dean-Stark trap, condenser, and stirbar was charged with benzene (45 
mL),  dimethyl malonate (10 g, 75.7 mmol), 3,4-dimethoxybenzaldehyde (15.1 g, 90.8 
mmol), and 10 mol % piperidinium acetate. The mixture was brought to reflux and 
allowed to stir for 24 hours upon which TLC analysis showed disappearance of starting 
material. The reaction was allowed to cool to room temperature. The clear orange liquid 
was diluted with C6H6 (20 mL) and washed with 1 M HCl (25 mL). The organics were 
then washed once with saturated NaHCO3 (20 mL) and once with brine (30 mL). The 
organic portion was dried over Na2SO4, filtered, and concentrated to an orange oil. The 
material formed a solid upon standing and was recrystallized with EtOAc/hexanes to 
yield 17.6 g (83%) of the benzylidene malonate.  
Analytical Data: 1H NMR (400 MHz, CDCl3) δ 7.71 (s, 1H), 7.09-7.07 (m, 1H), 7.00-
6.99 (m, 1H), 6.87 (d, J = 8.4 Hz, 1H), 3.93 (s, 3H), 3.88 (s, 6H), 3.85 (s, 3H). Complete 
analytical data for this compound has been published previously.26 
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(2R,3S)-2-benzyl 1,1-dimethyl 3-(3,4-dimethoxyphenyl)cyclopropane-1,1,2-
tricarboxylate: The sulfonium salt (8.3 g, 28.4 mmol) was placed in a round-bottomed 
flask under N2 and partially dissolved in 20 mL of CH2Cl2 at 0 °C. DBU (4.2 mL, 28.4 
mmol) was added and the mixture was allow to stir for 30 minutes, at which time all 
solids had gone into solution. The benzylidene malonate (5.3 g, 18.9 mmol) was added 
and the reaction was allowed to stir at 0 °C for 12 hours. The reaction was then washed 
with 1 M HCl (20 mL) and brine (20 mL). The organic layer was dried with Na2SO4 and 
concentrated. The material was subjected to flash chromatography with 30% 
EtOAc/hexanes to give 6.6 g (82%) of the product as a viscous liquid. Upon standing, 
this material formed a white solid. This material can also be purified by adding MeOH to 
precipitate the solid and recrystallizing with EtOAc/hexanes.  
Analytical data: mp 70-72 °C; IR (thin film, cm-1) 2954, 2838, 1739, 1590, 1520, 1252, 
1162, 1027; 1H NMR (400 MHz, CDCl3) δ 7.39-7.36 (m, 5H), 6.78-6.76 (m, 3H), 5.21 
(d, J = 12 Hz, 1H),  5.15 (d, J = 12 Hz, 1H), 3.86 (s, 3H) 3.85 (s, 3H), 3.68 (s, 3H), 3.62 
(d, J = 7.6 Hz, 1H), 3.51 (s, 3H), 3.26 (d, J = 7.6 Hz, 1H). 13C NMR δ 168.9, 166.4, 
165.6, 148.7, 148.6, 135.2, 128.6, 128.6, 128.5, 125.1, 120.8, 111.6, 110.8, 67.4, 55.9, 
55.8, 53.0, 53.0, 44.3, 35.8, 31.3; TLC (30% EtOAc/hexanes) Rf 0.18; Anal. Calcd. for 
C23H24O8: C, 64.48; H, 5.65. Found: C, 64.59; H, 5.61; HRMS (ESI) calculated for 
C23H24O8Cs [M+Cs]+ : 565.0525. Found: [M+Cs]+ = 565.0651. 
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(2R,3S)-1,1-dibenzyl 2-ethyl 3-(3,4-dimethoxyphenyl)cyclopropane-1,1,2-
tricarboxylate: The sulfonium salt14 (6 g, 13.9 mmol) was placed in a round-bottomed 
flask under N2 and partially dissolved in 20 mL of toluene/CH2Cl2 (3:2) at 0 °C. DBU 
(3.1 mL, 20.8 mmol) was added and the mixture was allow to stir for 30 minutes. At this 
time, all solids had gone into solution. The benzylidene malonate (4.8 g, 20.8 mmol) was 
added and the reaction was allowed to stir at 45 °C for 6 hours. The reaction was then 
washed with 1 M HCl (20 mL) and brine (20 mL). The organic layer was dried with 
Na2SO4 and concentrated. Upon standing, a solid was formed which was recrystallized 
with EtOH to give 6.7 g (80%) of the product as a white solid.   
Analytical data: mp 98-100 °C; IR (thin film, cm-1) 2959, 2837, 1734, 1520, 1456, 1252, 
1028; 1H NMR (400MHz, CDCl3) δ 7.35-7.22 (m, 7H), 6.99 (d, J = 6.8 Hz, 1H), 6.79-
6.71 (m, 3H), 5.25 (d, J = 12.4 Hz, 1H) 5.21 (d, J = 12.4 Hz, 1H), 4.96 (d, J = 12 Hz, 
1H), 4.87 (d, J = 12 Hz, 1H) 4.17-4.11 (m, 2H), 3.87 (s, 3H), 3.75 (s, 3H), 3.67 (d, J = 
7.6 Hz, 1H), 3.26 (d, J = 7.6 Hz, 1H) 1.26 (t, J = 7.2 Hz, 3H); 13C NMR δ 168.8, 165.8, 
165.1, 148.8, 148.6, 135.4, 134.9, 128.5, 128.4, 128.3, 128.2, 128.1, 125.1, 121.1, 111.9, 
110.8, 67.8, 67.5, 61.6, 55.8, 44.3, 35.8, 31.5, 14.1; TLC (30% EtOAc/hexane) Rf 0.32; 
Anal. Calcd. for C30H30O8: C, 69.49; H, 5.83. Found: C, 69.30; H, 5.81; HRMS (ESI) 
calculated for C30H30O8Cs [M+Cs]+ : 651.0995. Found: [M+Cs]+ = 651.1064. 
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(2S,4S,5S)-4-benzyl 3,3-dimethyl 2-(benzo[d][1,3]dioxol-5-yl)-5-(3,4-
dimethoxyphenyl)dihydrofuran-3,3,4(2H)-tricarboxylate: A 125 mL round bottom 
flask with a stirbar was charged with 9.8 g of the cyclopropane (23 mmol), aldehyde (6.9 
g, 46 mmol), and AlCl3 (0.46 g, 3.5 mmol). Outside the glove box, CH2Cl2 was added 
under N2 and the reaction was allowed to stir at room temperature. The reaction was 
allowed to become homogenous and then diluted with diethyl ether after 5 minutes. The 
solution was run through a silica plug with CH2Cl2 and concentrated. The reaction was 
flashed with 60% ether/petroleum ether to give the product in 80 % yield (10.7 g). Upon 
concentration the cycloadduct was obtained as an oil; MeOH can be used to precipitate 
the product, which can be recrystallized with EtOAc/hexanes to give a white solid. This 
material was also synthesized asymmetrically from (2R,3S)-1 on a 0.55 mmol (0.24 g) 
scale. The crude material measured 90:10 er by chiral SFC analysis. After a single 
recrystallization the er was 99:1 (Chiralpak AD, 6.0% MeOH, 2.0 mL/min, 200 psi, 27 
°C, 220 nm, tr-major, 18.5 min, tr-minor 16.3 min). 
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Analytical data: [α]D24.7 -15.5 (c = 0.40, CH2Cl2) at 80 % ee; [α]D 24.5 -20.32 (c = 0.50, 
CH2Cl2) at 98 % ee; mp 117-118; IR (thin film, cm-1) 2953, 1735, 1519, 1446, 1265, 
1165, 1036; 1H NMR (400 MHz, CDCl3) δ 7.32-7.025 (m, 8H), 6.99 (d, J = 8 Hz, 1H), 
6.83 (d, J = 8.4 Hz, 1H), 6.78 (d, J = 8.4 Hz, 1H), 5.94 (s, 2H), 5.75 (s, 1H), 5.11 (m, 
2H), 5.02 (d, J = 8.8 Hz, 1H), 4.13, (d, J = 8.8 Hz, 1H), 3.90 (s, 3H), 3.87 (s, 3H), 3.51 (s, 
3H) 3.26 (s, 3H); 13C NMR δ 171.1, 168.5, 168.5, 149.4, 149.2, 147.6, 147.3, 135.4, 
130.7, 130.3, 128.5, 128.3, 128.3, 120.8, 119.4, 111.1, 110.1, 107.8, 107.8, 101.0, 84.85, 
83.8, 69.1, 67.0, 58.9, 55.9, 55.9, 52.7, 52.5; Anal. Calcd. for C31H30O11: C, 64.35; H, 
5.23. Found: C, 64.33; H, 5.12; HRMS (ESI) calculated for C31H30O11Cs [M+Cs]+ : 
711.0842. Found: [M+Cs]+ = 711.0831. 
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(2S,4S,5S)-3,3-dibenzyl 4-ethyl 2-(benxo[d][1,3]dioxol-5-yl)-5-(3,4-dimethoxyphenyl) 
dihydrofuran-3,3,4(2H)-tricarboxylate: A 125 mL round bottom flask with a stirbar 
was charged with 1.29 g of the cyclopropane (2.5 mmol), piperonal (0.75g, 5 mmol), and 
AlCl3 (0.07 g, 0.5 mmol). Outside the glove box, CH2Cl2 was added under N2 and the 
reaction was allowed to stir. The reaction was allowed to become homogenous and then 
diluted with diethyl ether after 5 minutes. The solution was run through a silica plug and 
concentrated. The reaction was flashed with 60% ether/petroleum ether to give the 
product in 81 % yield (1.35 g). Upon concentration the cycloadduct was obtained as an 
oil; MeOH can be used to precipitate the product as a white solid, which can be 
recrystallized with EtOAc/hexanes. 
Analytical data: mp 129-130 °C; IR (thin film, cm-1) 2937, 2834, 1733, 1519, 1447, 
1264, 1037;  1H NMR (400 MHz, CDCl3) δ 7.23-7.04 (m, 12 H), 6.92 (s, 1H), 6.90 (s, 
1H), 6.86 (d, J = 8.4 Hz, 1H), 6.71 (d, J = 8.4 Hz, 1H), 5.88 (d, J = 13.6 Hz, 2H), 5.80 
(s,1H), 5.14 (d, J = 12 Hz, 1H), 5.06 (d, J = 8.8 Hz, 1H), 5.00 (d, J = 12, 1H), 4.84 (d, J = 
12.4 Hz, 1H), 4.41 (d, J = 12.4 Hz, 1H), 4.11 (d, J = 8.8 Hz, 1H), 3.97-3.95 (m, 1H), 3.93 
(s, 3H), 3.90 (s, 3H), 3.85-3.83 (m, 1H), 1.07 (t, J = 6.8 Hz, 3H);  13C NMR δ 149.3, 
149.1, 147.6, 147.3, 134.6, 134.5, 130.8, 130.1, 128.5, 128.4, 128.3, 128.2, 127.9, 120.8, 
119.4, 110.9, 109.9, 107.9, 101.0, 84.9, 83.9, 69.2, 67.8, 61.3, 59.0, 55.9, 14.0; TLC 
(30% EtOAc/hexane) Rf 0.21; Anal. Calcd. for C38H36O11: C, 68.25; H, 5.43. Found: C, 
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68.03; H, 5.53; HRMS (ESI) calculated for C38H36O11Cs [M+Cs]+ : 801.1312. Found: 
[M+Cs]+ = 801.1338.  
 
The relative stereochemistry was 
confirmed via an X-ray diffraction study.  
CCDC 734858 contains the supplementary 
crystallographic data for this paper. These 
data can be obtained free of charge from 
The Cambridge Crystallographic Data Centre via 
 www.ccdc.cam.ac.uk/data_request/cif. 
 
 
 
 
 
 
(2S,3S,5S)-5-(benzo[d][1,4]dioxol-5-yl)-2-(3,4-dimethoxyphenyl)-4,4-
bis(methoxycarbonyl)tetrahydrofuran-3-carboxylic acid: 10 % Pd/C (975 mg, 0.92 
mmol) was added to a round bottom flask. The benzyl ester cycloadduct (5.3 g, 9.2 
mmol) was then added in a 9:1 CH2Cl2/EtOAc mixture. A hydrogen ballon was added 
and the reaction was allowed to stir for 18 hours. After removal of the hydrogen balloon, 
the reaction contents were run through a celite plug and washed with EtOAc and CH2Cl2. 
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To ensure product removal from the celite, a final wash was done with 5% 
MeOH/CH2Cl2. This material was also synthesized asymmetrically on a 0.4 mmol (0.22 
g) scale. 
Analytical data: [α]D24.5 -24.1 (c = 1.00, CH2Cl2); mp 129 °C; IR (thin film, cm-1) 2954, 
2841, 1734, 1610, 1519, 1446, 1265, 1037; 1H NMR (400MHz, CDCl3) δ 7.26-6.99 (m, 
4H), 6.86 (d, J = 8 Hz, 1H), 6.77 (d, J = 8.8 Hz, 1H), 5.94 (s, 2H), 5.72 (s, 1H), 5.04 (d, J 
= 8.8 Hz, 1H), 4.12 (d, J = 9.2 Hz, 1H), 3.93 (s, 3H), 3.88 (s, 3H), 3.67 (s, 3H), 3.28 (s, 
3H); 13C NMR δ 176.4, 168.4, 168.4, 149.6, 149.3, 147.7, 147.3, 130.3, 130.0, 120.8, 
119.6, 111.1, 110.2, 107.9, 107.7, 101.1, 84.8, 83.5, 69.4, 58.6, 56.0, 55.9, 52.8, 52.7; 
TLC (5% MeOH/CH2Cl2) Rf 0.31; HRMS (ESI) calculated for C24H24O11Cs [M+Cs]+ : 
621.0373. Found: [M+Cs]+ = 621.0340. 
 
 
 
(2S,3S,4S,5R)-5-(benzo[d][1,3]dioxol-5-yl)-2-(3,4-dimethoxyphenyl)-4-
(methoxycarbonyl)tetrahydrofuran-3-carboxylic acid: The tetrahydrofuran acid (3.0 
g, 6.1 mmol) was added to a reaction tube with KOAc (1.2 g, 12.3 mmol). DMSO (10 
mL) was added to dissolve the reagents followed by 0.5 mL of H2O. The reaction tube 
was heated to 100 °C with stirring. After 16 hours the reaction was allowed to cool to 
room temperature and partitioned between Et2O (20 mL) and H2O (20 mL). After 
separation, the aqueous layer was extracted with three portions of Et2O (20 mL). The 
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combined organic extracts were washed with three portions of H2O (20 mL), brine (20 
mL), dried over MgSO4, filtered and concentrated under rotary evaporation. This material 
was also synthesized asymmetrically on a 0.3 mmol (0.16 g) scale. 
Analytical data: [α]D24.9 33.3 (c = 1.00, CH2Cl2); IR (thin film, cm-1) 2951, 2834, 1735, 
1519, 1445, 1242, 1035; 1H NMR (400 MHz, CDCl3) δ 7.24 (s, 1H), 7.16-7.13 (m, 1H), 
6.91-6.78) (m, 4H), 5.97 (s, 2H), 5.26 (d, J = 7.6 Hz, 1H), 5.02 (d, J = 6.8 Hz, 1H), 3.96 
(s, 3H), 3.91 (s, 3H), 3.80-3.77 (m, 2 H), 3.33 (s, 3H); 13C NMR δ 177.3, 171.5, 149.3, 
149.2, 147.4, 147.4, 131.1, 130.8, 120.1, 119.7, 110.9, 110.2, 108.1, 107.1, 101.1, 83.3, 
82.4, 56.0, 55.9, 54.4, 54.3, 52.0; TLC (5% MeOH/CH2Cl2) Rf 0.34; Anal. Calcd. for 
C22H22O9: C, 61.39; H, 5.15. Found: C, 61.10; H, 5.26; HRMS (ESI) calculated for 
C22H22O9Cs [M+Cs]+ : 563.0318. Found: [M+Cs]+ = 563.0321.  
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((2R,3R,4R,5S)-2-(benzo[d][1,3]dioxol-5-yl-5-(3,4-
dimethoxyphenyl)tetrahydrofuran-3,4-diyl)dimethanol: A solution of 1 M LiAlH4 
(7.5 mL) in THF (10 mL) at 0 °C was treated with a solution of the cycloadduct  (1.15 g, 
2,5 mmol) in THF (5 mL) via syringe. After the addition the reaction was allowed to 
warm to room temperature with stirring. After two hours the reaction was quenched with 
0.5 mL H2O, 0.5 mL of a 15% NaOH solution, and 1.5 mL of H2O. The solution was 
filtered through a Buchner funnel and the filter cake was washed with several portions of 
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Et2O (5 mL). The filtrate was dried over MgSO4, filtered, and concentrated by rotary 
evaporation affording a white solid in 99% yield (0.97 g). This material was also 
synthesized asymmetrically on a 0.3 mmol (0.15 g) scale. 
Analytical data: [α]D27.5 19.9 (c = 1.5, CH2Cl2); IR (thin film, cm-1) 3365, 2931, 2904, 
1608, 1594, 1518, 1490, 1444, 1261, 1035; 1H NMR (400 MHz, CDCl3) δ 7.01-6.76 (m, 
6H), 5.95 (s, 2H), 5.08 (d, J = 8.8 Hz, 1H) 4.46 (d, J = 9.2 Hz, 1H), 3.90 (s, 3H), 3.88 (s, 
3H), 3.73-3.70 (m, 1H), 3.58-3.53 (m, 1H), 3.33-3.30 (m, 1H), 3.14-3.09 (m, 1H), 2.59-
2.57 (m, 1H), 2.27-2.24 (m, 1H); 13C NMR δ 149.2, 149.1, 147.7, 147.1, 132.9, 132.5, 
119.8, 119.2, 111.3, 110.2, 108.1, 107.0, 101.1, 82.6, 81.3, 63.7, 63.0, 56.0, 55.1, 50.9; 
TLC (5% MeOH/CH2Cl2) Rf 0.28; HRMS (ESI) calculated for C21H24O7Cs [M+Cs]+ : 
521.0576. Found: [M+Cs]+ = 521.0616. 
 
 
 
 
5-((2R,3R,4R,5S)-5-(3,4-dimethoxyphenyl)-3,4-bix(methoxymethyl)tetrahydrofuran-
2-yl)benzo[d][1,1]dioxole: To a suspension of NaH (0.12 g, 3.1 mmol) in THF (4 mL) at 
room temperature was added a solution of the diol (0.50 g, 1.3 mmol) in THF (3 mL) 
followed by 18-crown-6 (0.02 g, 0.06 mmol), in a flame dried round bottom flask. This 
mixture was allowed to stir at room temperature for one hour. The mixture was then 
heated to 35 °C followed by addition of CH3I (2.75 g, 19.4 mmol). This mixture was 
allowed to stir under N2 for 16 hours. After cooling, the reaction was diluted with Et2O, 
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dried with MgSO4, filtered, and evaporated under reduced pressure. The crude product 
was purified by flash chromatography using 30% EtOAc/hexanes to obtain 405 mg of the 
product (75 %). This material was also synthesized asymmetrically on a 0.15 mmol (0.06 
g) scale. 
Analytical data: [α]D28.7 9.5 (c = 1.1, CH2Cl2); IR (thin film, cm-1) 2927, 2830, 1593, 
1516, 1444, 1238, 1033; 1H NMR (400 MHz, CDCl3) δ 7.04 (d, J = 1.2 Hz, 1H), 7.00 (d, 
J = 8 Hz, 1H), 6.90 (s, 1H), 6.85-6.82 (m, 2 H), 6.75 (d, J = 8 Hz, 1H), 5.93 (s, 2H), 5.04 
(d, J = 7.2 Hz, 1H), 4.69 (d, J = 8 Hz, 1H), 3.89 (s, 3H), 3.86 (s, 3H), 3.53-3.45 (m, 2H), 
3.33 (s, 3H), 3.06 (s, 3H), 3.04-3.02 (m, 1H), 2.97-2.94 (m, 1H), 2.61-2.54 (m, 1H), 2.35-
2.29 (s, 1H); 13C NMR Anal. δ 148.9, 148.5, 147.4, 146.6, 134.1, 132.8, 119.6, 118.8, 
111.0, 109.9, 107.8, 107.0, 100.9, 82.6, 81.4, 73.1, 73.0, 59.0, 58.6, 55.9, 55.8, 50.9, 
46.5; Calcd. for C23H28O7: C, 66.33; H, 6.78. Found: C, 66.28; H, 6.76; HRMS (ESI) 
calculated for C23H28O7Cs [M+Cs]+ : 549.0889. Found: [M+Cs]+ = 549.0935. 
 
 
 
 
 
(E)-3-(3,4-dimethoxyphenyl)acrylonitrile: The phosphonate (4.9 g, 27.4 mmol) was 
deprotonated in 40 mL of dry THF with nBuLi  (25.5 mmol) at 0 °C for 45 minutes. 4.9 g 
of the aldehyde (18.3 mmol) was dissolved in 15 mL of dry THF. The Wittig solution 
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was added to the aldehyde dropwise via cannula transfer. After the addition was complete 
the reaction was allowed to stir for 20 more minutes. The reaction was then concentrated 
and purified by column chromatography with 30% EtOAc/hexanes to give 2.9 g (83 %) 
of the nitrile in a 7:1 ratio for the desired isomer. 1H-NMR data is consistent with that 
reported previously.27 
 
 
 
 
(E)-3-(3,4-dimethoxyphenyl)acrylaldehyde: 0.70 g of the nitrile was cooled in 25 mL 
of toluene to -78 °C with stirring. A 0.562 M solution of DIBALH  in toluene (10.7 mL) 
was added dropwise to the nitrile via cannula transfer. The solution was allowed to stir 
for 2 hours. At -78 °C MeOH (2 mL) was added to quench the reaction. The reaction 
flask was allowed to warm to room temperature then stirred with 1M HCl (4 mL) for two 
minutes. The reaction was diluted with 20 mL of EtOAc and extracted. The aqueous layer 
was extracted twice with 10 mL of EtOAc. The combined organics were washed with 
brine and dried over Na2SO4. After concentration the material was purified by column 
chromatography to give the desired isomer in a 76% yield (0.55 g). 1H NMR data is 
consistent with that reported previously.27 
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(2S,3R)-dimethyl 2-(3,4-dimethoxyphenyl)-3-formylcyclopropane-1,1-dicarboxylate: 
To a mixture of bromomalonate ester (1.66 g, 7.9 mmol), 2,6-lutidine (1 mL, 8.6 mmol), 
and the proline catalyst28 (0.77 g, 2.4 mmol) was added the aldehyde (1.66 g, 8.6 mmol) 
at room temperature. The reaction was allowed to stir in a sealed scintillation vial for 
three days. At this time the reaction contents were washed with 1M HCl. The organic 
portion was dried and concentrated. This material was analyzed by 1H NMR to confirm 
formation of the product. The crude material was taken on to the oxidation. Column 
chromatography resulted in complete racemization of the aldehyde by SFC analysis.  
  
 
 
 
 
(1R,3S)-3-(3,4-dimethoxyphenyl)-2,2-bis(methoxycarbonyl)cyclopropanecarboxylic 
acid: A solution of the aldehyde (0.63 g, 2.0 mmol) in acetonitrile (6 mL)was cooled to 0 
°C and a solution of KH2PO4 (0.53 g, 3.9 mmol) and H2O2 in H2O (8 mL) was added 
under rigorous stirring. After addition of a solution of NaClO2 (0.71 g, 7.8 mmol) H2O (8 
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ml), the mixture was stirred at 0 °C. After 3 hours, Na2SO3 was added to destroy excess 
NaClO2. The solution was made basic with 6M NaOH and extracted with EtOAc. The 
aqueous solution was acidified with 6M HCl (pH 3). It was extracted with EtOAc twice, 
once with brine, and dried with magnesium sulfate. This material was taken on to the 
benzylation without further purification. 
 
 
 
 
(2R,3S)-2-benzyl 1,1-dimethyl 3-(3,4-dimethoxyphenyl)cyclopropane-1,1,2-
tricarboxylate: The cyclopropane acid (1.1 g, 3.2 mmol), triethylamine (2.2 mL, 16 
mmol), and benzyl bromide (1.88 mL, 16 mmol) were dissolved in 25 mL THF and 
allowed to stir at reflux overnight. TLC analysis indicated the disappearance of starting 
material. The reaction was cooled to room temperature and diluted with 15 mL of H2O. 
The solution was extracted three times with Et2O (15 mL) and the combined organics 
were washed with H2O and brine, dried over MgSO4, and concentrated to give (2R,3S)-1 
in 43% over three steps. [α]D25.7 -9.2 (c = 0.42, CH2Cl2). 
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(±)-(2R,4S,5R)-4-benzyl 3,3-dimethyl 2-(benzo[d][1,3]dioxol-5-yl)-5-(3,4-
dimethoxyphenyl)dihydrofuran-3,3,4(2H)-tricarboxylate and (2S,4S,5S)-4-benzyl 
3,3-dimethyl 2-(benzo[d][1,3]dioxol-5-yl)-5-(3,4-dimethoxyphenyl)dihydrofuran-
3,3,4(2H)-tricarboxylate: A flame dried shell vial with a stirbar was charged with 0.15 g 
of the cyclopropane (0.35 mmol) and piperonal (0.11g, 0.7 mmol). Outside the glove box, 
a solution of SnCl4 (0.07 g, 0.3 mmol) in CH2Cl2 was added under N2 and the reaction 
was allowed to stir for 16 hours. The reaction was then diluted with diethyl ether and the 
solution was run through a silica plug and concentrated. The reaction was flashed with 
60% ether/petroleum ether to isolate 5.  
Analytical data: IR (thin film, cm-1) 2940, 2845, 1730, 1530, 1430, 1227; 1H NMR (400 
MHz, CDCl3) δ  7.36-7.12 (m, 2H), 7.05 (d, J = 4 Hz, 1H), 7.02-6.99 (m, 4H), 6.80-6.77 
(m, 2H), 5.98 (s, 2H), 5.47 (s, 1H), 5.19 (d, J = 6.8 Hz, 1H), 4.83 (d, J = 12 Hz, 1H), 4.67 
(d, J = 12 Hz, 1H), 4.04 (d, J = 6.8 Hz, 1H), 3.89 (s, 3H), 3.88 (s, 3H), 3.83 (s, 3H), 3.33 
(s, 3H); 13C NMR δ 170.5, 168.7, 166.5, 148.8, 148.8, 147.5, 147.2, 135.2, 130.6, 128.9, 
128.5, 128.3, 128.1, 122.1, 119.2, 110.8, 110.2, 109.1, 107.5, 100.9, 84.7, 80.5, 68.0, 
66.8, 57.5, 55.9, 55.9, 53.6, 52.1; HRMS (ESI) calculated for C31H30O11Cs [M+Cs]+ : 
711.0843. Found: [M+Cs]+ = 711.0842. 
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(±)-(2S,4S,5S)-4-benzyl 3,3-dimethyl 2-(benzo[d][1,3]dioxol-5-yl)-5-(3,4-
dimethoxyphenyl)dihydrofuran-3,3,4(2H)-tricarboxylate and piperonal: A flame- 
dried shell vial with a stir bar was charged with 5 (45 mg, 0.12 mmol) and AlCl3 (1.6 mg, 
0.12 mmol) inside the glovebox. Outside the box CH2Cl2 was added to the vial under N2. 
After the addition, the reaction was stirred for two minutes. It was then diluted with Et2O 
and concentrated. 1H NMR analysis confirmed formation of 3 and 2 with loss of 5. 
Aldehyde 2 was obtained in 48% yield and cycloadduct 3 in 36% yield as determined 
using mesitylene as an internal standard. 
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